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1.0  Annual  Summary 


This  report  is  the  1992  annual  report  for  the  "Semiconducting  Diamond  Program" 
contract  #N0{)014-92-C-0081  covering  the  period  from  April  1,  1992,  to  December  31, 
1992.  Work  at  Research  Triangle  Institute  during  that  time  period  has  concentrated  on 
the  development  of  CVD  techniques  for  large-area  single  crystal  diamond  growth.  The 
program  has  addressed  this  development  by  exploring  two  avenues  toward  this  end.  The 
first  avenue  has  been  continued  work  at  diamond  heteroepitaxy.  This  part  of  the  program 
has  sought  specifically  theoretical  modeling  to  give  new  insight  and  direction  to  the 
scientific  heteroepitaxial  experiments.  Given  our  investment  in  Ni  technologies  and 
given  encouraging  results  in  the  community  of  oriented  crystallites  on  Ni  epitaxial  layers. 
Theoretical  work  has  concentrated  on  Ni  surfaces  attempting  to  understand  how  those 
surfaces  change  as  foreign  C,  H,  etc.,  atoms  alter  the  near  surface.  The  second  avenue 
has  been  the  development  of  epitaxial  consolidation  technologies  to  derive  a  large-area 
single  crystal  from  relatively  small  diamond  seed  crystals.  A  major  output  of  this  part  of 
the  program  has  been  the  development  of  ion  implantation/anneal  processes  for  single 
crystal  diamond  platelet  formation. 

Along  with  the  central  program  at  RTI,  the  program  has  included  subcontract 

tasks  to 

•  Dr.  Robert  Nemanich  NCSU 

•  Dr.  Jerry  Whitten  NCSU 

•  Dr.  Max  Swanson  UNC 

This  report  includes  sections  from  those  investigators  detailing  their  respective  progress. 

The  program  has  addressed  technologies  for  large-area  single-crystal  diamond 


production  by: 


1.  RTI  continued  development  of  techniques  for  enhancing  diamond  nucleation  on  non¬ 
diamond  substrates.  This  work  has  involved  theoretical  modeling  by  Dr.  Jerry 
Whitten  and  Dr.  Hong  Yang  (NCSU)  of  the  Ni  system.  This  work  explored  the 
effects  of  subsurface  impurities  in  the  Ni  lattice  on  bond  strength  and  bond  order  of 
adsorbed  hydrocarbons. 

2.  RTI  continued  fundamental  surface  science  studies  of  the  diamond  (100)  surface  with 
a  particular  emphasis  on  the  role  of  oxygen  on  the  stabilization  of  the  (100)  surface. 
That  work  lead  by  Dr.  Raymond  Thomas  (RTI)  has  expounded  the  role  of  oxygen  in 
low  temperature  diamond  deposition.  This  work  has  enjoyed  a  very  fruitful 
collaboration  with  Dr.  Michael  Frenklach  (Penn  State)  whose  theoretical  work  has 
helped  elucidate  the  0-sites  on  the  (100)  surface  and  the  creation  of  radical  sites  on 
the  (100)  surface  following  CO  desorption. 

3.  RTI  through  subcontractual  work  with  Dr.  Max  Swanson  and  Dr.  Nalin  Parikh 
(UNC)  a  codeveloped  a  C+  and  O'*’  implantation/annealing  process  for  the  fabrication 
of  thin  single  crystal  diamond  platelets  (-  2  |im  thick). 

4.  In  conjunction  with  (3),  RTI  has  undertaken  a  critical  analysis  of  various 
homoepitaxial  growth  processes  (H2/CH4,  H2/CO,  H2/CH4-CO,  H2O/CH4O).  This 
work  has  identified  H2O  as  critical  to  the  perpetuation  of  topographically  smooth 
homoepitaxy.  The  refinements  determined  here  wiU  allow  consolidation  of 
individual  single  crystals  into  large-area  single  crystals. 

5.  Development  of  any  single  crystal  technology  cannot  be  refined  and  developed  unless 
microstructural  techniques  are  available  and  routine.  Besides  adopting  standard  TEM 
sample  preparation  technique  to  diamond  sample  preparation.  Dr.  John  Posthill  and 
Dave  Malta  (RTI)  developed  a  defect  delineation  technique  involving  preferential 
defect  etching  under  an  oxidizing  chemical  flame.  This  technique  represents  for 
diamond  what  standard  etch  pit  delineation  by  wet  chemicals  has  represented  for  the 
advancement  of  Si  and  GaAs  technologies. 
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6.  The  microstructural  techniques  aforementioned  are  to  be  complemented  by  atomic 
resolution  imaging  of  diamond  surfaces  performed  at  NCSU  under  the  subcontract  to 
Dr.  Robert  Nemanich.  Atomic  resolution  of  the  regions  where  the  CVD  process 
consolidates  the  diamond  platelets  (3)  and  (4)  will  be  critical  in  the  development  of 
diamond  overgrowth  and  platelet  bonding  techniques  for  defect  minimization. 
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2.0  Theoretical  Modeling  of  the  Ni  (111)  surface  for  Diamond  Heteronucleation 
(Dr.  J.  Whitten,  Dr.  H.  Yang,  NCSU) 

The  three  areas  of  major  activity  during  the  past  year  are: 

-  mechanistic  studies  of  CH4  and  CH3F  on  Si(l  1 1);  H  and  F  transfer  to 
the  surface 

-  mechanistic  studies  of  H2  desorption  from  the  monohydride  Si(lOO) 
surface 

-  effect  of  Na,  C  and  H  implants  on  the  bonding  of  C  to  Ni(l  1 1) 

Ab  initio  self-consistent-field  (SCF)  and  configuration  interaction  (Cl)  theory  is 
applied  to  embedded  cluster  models  of  the  silicon  and  nickel  surfaces.  By  formulating 
the  problem  so  that  a  surface  portion  of  the  substrate  is  treated  very  accurately  by  Cl 
while  coupling  this  embedded  cluster  to  the  remainder  of  the  lattice,  we  are  able  to 
achieve  a  reliable  level  of  description  of  the  reaction  energetics.  In  the  present  studies, 
activation  energies  and  overall  heats  of  reaction  between  adsorbates  and  the  surface  are 
calculated  and  reaction  mechanisms  are  discussed. 

Our  studies  of  the  reaction  of  CH4  and  CH3F  with  Si(l  1 1)  were  motivated  by 
supersonic  beam  experiments  by  Wilson  Ho  and  coworkers.  Calculated  heats  of  reaction 
and  activation  energies  are  as  follows: 


AH 

^act 

CH4  +  Si(lll) 

=  CH3  +H-Si(lll) 

13 

24 

CH3F+Si(lll) 

=  CH3  +  F-Si(lll) 

-24 

19 

CH3F+Si(lll) 

=  CH2F  +  H-Si(lll) 

12 

20 

These  results  and  similar  results  for  gas  phase  reactions  involving  CHxF4.jj 
species  with  SiH3  suggest  a  modified  interpretation  of  beam  experiments.  It  is  not  the 
total  translational  energy  of  the  impacting  molecule  that  is  directly  relevant  to  the  H  and 
F  transfer  reactions.  Instead,  only  the  translational  (and  vibrational)  energy  of  the  two 
atoms  directly  involved  in  the  transfer  reaction,  viz.,  the  CF  or  CH  portion  of  CH3F  and 
the  Cn  portion  of  the  CH4,  is  available  (to  a  first  approximation)  to  surmount  the 
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activation  barrier.  This  means  that  increasing  the  kinetic  energy  by  increasing  the  total 
mass  of  the  beam  molecule  is  less  effective  than  one  might  at  first  suppose. 

Mechanistic  studies  of  H2  desorption  from  Si(100)2xlH  reveal  that  a  symmetric 
desorption  pathway  gives  the  lowest  desorption  energy  barrier;  however,  the  barrier  is 
1.0  eV  higher  than  experiment.  A  multi-step  desorption  mechanism  which  involves  a 
delocalized  process  for  forming  a  dihydride,  SiH2,  is  proposed  to  explain  the 
experimental  observations. 

During  this  period,  studies  were  also  begun  on  the  deposition  of  carbon  on 
Ni(lll),  a  surface  nearly  commensurate  with  that  of  diamond.  Interstitial  Na,  C  and  H 
atoms  are  found  to  influence  the  reactivity  of  the  Ni(lll)  surface  and  the  structure  of 
carbon  species  adsorbed  on  the  surface.  Subsurface  Na  and  H  stabilize  tetrahedrally 
bonded  carbon  whereas  subsurface  C  facilitates  the  formation  of  planar  configurations  of 
CH3  and  CgHg  adsorbed  on  nickel. 

Calculated  chemisorption  energies  of  pyramidal  CH3  on  Ni(lll)  are  38  for  the 
clean  surface  and  50,  47,  and  17  kcal/mol  for  the  Na,  H,  and  C  implants,  respectively. 
The  energies  required  to  distort  tetrahedral  CH3  into  a  planar  stmcture  are  22  kcal/mol  on 
clean  Ni(l  1 1),  30  kcal/mol  with  the  Na  implant,  24  kcal/mol  with  the  H  implant,  and  12 
kcal/mol  with  the  C  implant,  respectively. 

In  an  extension  of  this  work,  the  benzene  molecule,  C5H^,  in  planar  and 
nonplanar  geometries,  is  used  to  probe  bonding  at  the  surface.  Adsorption  energies  of 
planar  at  the  most  stable,  3fold,  adsorption  site  are  0.83  eV  for  the  Ni(l  1 1)  surface, 
and  0.44,  0.83,  and  1.89  eV  in  the  presence  of  the  Na,  H,  and  C  interstitials, 
respectively.  The  energies  required  for  the  planar  to  puckered  distortion  are  4.3  eV  on 
Ni(l  1 1),  3.0  eV  with  the  Na  interstitial,  3.6  eV  with  H,  and  5.8  eV  with  C  compared  to 
8.6  eV  for  distortion  of  in  the  gas  phase.  The  possible  relevance  of  these  results  to 
the  growth  of  diamond  on  nickel  lies  in  the  fact  that  subsurface  Na  and  H  stabilize 
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tetrahedrally  bonded  carbon  subunits  of  the  diamond  structure  while  subsurface  C  may 
make  it  easier  for  the  overlayer  to  revert  to  a  planar  graphite  structure. 
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3.0  Diamond  Surface  Science:  The  Role  of  Oxygen  on  the  C  (100)  Surface 

In  response  to  the  success  of  the  water/alcohol  process  in  growing  diamond,  we 
have  pursued  a  series  of  studies  to  examine  the  role  of  oxygen  in  the  diamond  growth 
process.  These  studies  not  only  provide  insight  into  the  diamond  growth  process  but 
also  yield  valuable  information  on  the  nature  of  the  chemical  sites  needed  to  promote 
diamond  growth.  By  tailoring  non-native  surfaces  to  approximate  the  sites  found  on  the 
diamond  surface,  we  more  closely  approach  conditions  needed  to  generate  true 
heteroepitaxy.  We  have  taken  the  approach  of  studying  the  interactions  of  individual 
gasses  under  well  controlled  conditions,  i.e.  using  ultra-high  vacuum  and  single  crystal 
diamond  surfaces.  The  studies  have  relied  on  thermal  desorption  spectroscopy  (TDS), 
low  energy  electron  diffraction  (LEED),  Auger  electron  spectroscopy  (AES),  ands, 
more  recently,  electron  energy  loss  spectroscopy  (EELS).  The  studies  have  been  very 
profitable  and  have  illuminated  several  roles  that  oxygen  may  play  in  the  growth 
process.  The  details  of  the  studies  are  more  fully  covered  in  the  attached  papers  but 
summaries  of  the  main  roles  identified  are  as  follows: 

1)  Opening  of  sites  for  carbon  addition  to  the  diamond  lattice  by  desorption  of  CO. 
Thermal  desorption  studies  have  shown  that  desorption  of  CO  from  the  (100) 
surface  can  occur  at  temperatures  as  low  as  200°C.  In  conjunction  with  Michael 
Frenklach  we  will  be  studying  adsorption  of  acetylene  onto  the  sites  opened  by  CO 
desorption.  The  sites  opened  by  the  acetylene  desorption  may  be  particularly 
amenable  to  adsorption  of  acetylene. 

2)  Maintaining  and/or  recovering  the  sp^  hybridization  on  the  diamond  surface.  LEED 
studies  have  shown  that  atomic  oxygen  will  easily  convert  the  2x1  configuration  on 
the  diamond  surface  to  a  1x1  structure.  Earlier  studies,  both  here  and  elsewhere. 
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have  shown  that  the  2x1  configuration  is  not  the  preferred  structure  for  diamond 
growth.  In  addition,  annealing  studies  of  oxygen  terminated  (100)  surfaces  show 
that  surfaces  that  are  only  partially  covered  with  oxygen  are  able  to  maintain  the 
1x1  configuration.  This  result  is  very  different  from  the  action  of  hydrogen  where 
conversion  to  the  2x1  configuration  is  observed  as  soon  as  hydrogen  begins  to  leave 
the  surface.  We  have  begun  experiments  with  Dr.  Nemanich  and  Dr.  Humphreys  of 
NCSU  to  use  STM  and  AFM  to  study  the  nature  of  the  sites  created  during  the 
partial  desorption  of  oxygen  from  the  diamond  surface. 

3)  Removal  of  hydrogen  from  the  surface.  Dosing  studies  have  shown  that  oxygen 
readily  removes  hydrogen  from  the  surface.  This  allows  processes  described  in  1) 
and  2)  to  operate.  However,  the  reverse  reaction,  hydrogen  removing  oxygen  from 
the  surface  does  not  appear  to  be  nearly  as  efficient. 

4)  We  believe  that  oxygen  will  also  prove  to  be  quite  efficient  at  removing  non¬ 
diamond  carbon  from  the  surface.  Experiments  by  other  groups  have  indicated 
that  oxygen  will  preferentially  etch  graphite  over  diamond.  Reactions  of  atomic 
oxygen  with  diamond  and  graphite  will  be  among  the  first  experiments  performed 
with  the  modulated  beam  apparatus  when  it  comes  on  line  later  in  1993. 

All  of  the  above  growth  mechanisms  discussed  for  oxygen  are  believed  to 
operate  for  atomic  hydrogen.  However,  they  appear  to  be  more  efficient  or  to  operate 
at  lower  temperatures  with  atomic  oxygen.  The  desorption  of  CO  at  200°C  may  help 
explain  the  success  of  the  water/aicohol  process  in  growing  diamond  at  much  lower 
temperatures.  We  are  continuing  informal  collaborations  with  Michael  Frenklach  of 
Penn  State  to  study  the  surface  processes  of  oxygen  on  diamond  (100).  We  expect  to 
derive  dynamic  calculations  of  desorption  processes  and  static  calculations  of  oxygen 
binding  on  the  (100)  surface. 
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After  discussions  with  Dr.  Pehr  Pehrsson  and  Dr.  John  Russell  at  NRL,  we 
have  recently  added  the  capability  of  performing  electron  energy  loss  spectroscopy. 
The  electron  loss  mechanism  acts  as  a  sensitive  probe  of  the  surface  electronic  states. 
Figures  3.1  and  3.2  show  results  from  early  experiments  on  the  diamond  (100) 
surface.  In  Figure  3.1  we  can  easily  distinguish  features  associated  with  the 
conversion  of  the  surface  from  the  1x1  configuration  to  the  2x1  configuration  by 
annealing.  A  new  peak  appears  on  the  spectra  approximately  5  eV  from  the  elastic 
peak.  If  either  atomic  oxygen  or  atomic  hydrogen  is  added  to  the  surface,  this  5  eV 
peak  disappears  (Figure  3.2).  In  the  case  of  oxygen,  the  LEED  shows  that  the  surface 
has  converted  back  to  the  1x1  configuration.  However  for  hydrogen  we  still  observe 
the  2x1  configuration.  Further  experiments  are  underway  with  this  new  tool,  and  we 
expect  that  EELS  will  provide  a  powerful  method  for  understanding  the  surface 
structure  of  adsorbed  gasses. 
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ELECTRON  ENERGY  LOSS  SPECTROSCOPY  OF  DIAMOND  (1  00) 
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Figure  3.1 
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ELECTRON  LOSS  SPECTROSCOPY 

Effect  of  hydrogen  and  oxygen  dosing 
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Figure  3.2 
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4.0  Diamond  Single  Crystal  Platelet  Technology 
(Dr.  N.  Parikh,  Dr.  M.  Swanson,  UNC) 

As  mentioned  in  previous  reports,  one  strategy  for  obtaining  a  large-area  diamond 
single  crystal  is  to  create  a  large-area  template  and  then  replicate  it  in  some  fashion.  One 
scenario  previously  proposed  by  RTI  is  shown  in  Figures  4. 1  and  4.2.  UNC  Chapel  Hill 
has  been  an  important  link  between  this  program  and  the  high  energy  ion  implantation 
facility  at  Oak  Ridge  National  Laboratory  (contact:  C.W.  White).  A  report  detailing 
studies  by  UNC  and  a  jointly  authored  manuscript  describing  the  details  and  utility  of 
this  concept  are  attached. 
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MASTER  TEMPLATE  PRODUCTION 


Epitaxial  bonding  of  diamond  single  crystals  to 
host  single  crystal. 


Step  2.  Homoepitaxial  growth  to  overgrow  individual 
diamonds  and  create  one  large  area  diamond  single 
crystal  template. 


Figure  4.1 
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LARGE-AREA  REPLICATION  FROM  MASTER 

TEMPLATE 


Step  III.  Vacuum  anneal  to  release  diamond  seed  layer. 


Step  IV.  Homoepitaxial  growth  on  diamond  seed  layer 
desired  thickness. 


Figure  4.2 


Ion  Implantation  for  Lift-off  of  Diamonds 


Abstract 

We  have  developed  a  method  for  removing  thin,  large  area  sheets  of  diamond  from  bulk  or 
homoepitaxial  diamond  crystals.  This  method  consists  of  an  ion  implantation  step,  followed  by  a 
selective  etching  procedure.  High  energy  (4  to  5  MeV)  carbon  and  oxygen  ions  of  a  suitable  dose 
(10*^-10*®  cm*^),  were  implanted  to  create  a  well-defined  layer  of  damaged  diamond  that  is  buried  at 
~2  pm  below  the  surface.  The  preferential  etching  of  the  buried  layer  (graphitic)  is  achieved  by 
annealing  in  flowing  oxygen.  The  lifted  plates  have  been  analyzed  by  Rutherford  backscattering/ 
channeling  and  Raman  spectroscopy  techniques  to  check  the  quality.  This  lift-off  method,  combined 
with  well-established  homoepitaxial  growth  processes,  has  considerable  potential  for  the  fabrication 
of  large  area  single  crystalline  diamond  sheets. 

Background,  Motivation  and  Objective 

An  essential  hurdle  yet  to  be  cleared,  before  one  can  fabricate  diamond  electronic  devices,  is  the 
creation  of  large  area,  flat,  single  crystalline  diamond  layers.  A  very  promising  beginning  has  been 
made  by  Pryor  et  al.*,  who  have  shown  that  homoepitaxial  diamond  layers  can  be  grown  by 
chemical  vapor  deposition  onto  a  mauix  of  oriented  diamond  microcrystallites,  which  are  imbedded 
in  an  array  of  etch  pits  on  a  Si  substrate.  However,  this  method  is  both  costly  and  time-consuming, 
and  the  crystallites  are  only  poorly  oriented,  thus  causing  low  angle  grain  boundaries  We  propose  to 
combine  homoepitaxial  growth  with  lift-off  technology  to  permit  large  area  diamond  sheets  to  be 
economically  fabricated  from  a  master  template.  For  example,  such  diamond  films  could  be 
fabricated  by  placing  together  several  small  diamond  crystals  on  which  one  then  deposits  a  single 
crystalline  layer;  and  then  removing  thin  sheeu  of  single  crystalline  diamond  from  the  surface  using  a 
lift-off  process.  In  this  way,  a  large  diamond  template  could  be  fabricated,  from  which  large 
diamond  sheets  could  be  removed  ad  infinitum. 

Results  and  Discussion 

In  our  lift-off  method,  we  have  used  ion  implantation  to  create  a  buried  damaged  layer  in  a 
polished  bulk  diamond  crystal,  and  then  removed  that  damaged  layer  by  selective  etching,  thus  lifting 
a  thin  sheet  of  diamond  from  the  surface^.  The  fundamental  concepts  of  the  method  are  the 
following,  (a.)  Most  of  the  damage  caused  by  ion  implantation  occurs  at  the  end  of  the  ion  range, 
and  thus  is  confined  to  a  buried  layer  of  material  at  a  controllable  depth,  (b.)  The  damaged  layer  can 
be  graphitized  by  annealing,  and  the  graphitized  layer  has  sharp  boundaries  because  of  the  well- 
defined  critical  damage  density  necessary  for  conversion  of  diamond  to  graphite  (c.)  The 
graphitic  layer  can  be  preferentially  etcted  at  a  much  more  rapid  rate  than  that  of  the  adjacent 
diamond. 


The  depth  profile  of  ion  beam  damage  can  be  calculated  using  Monte  Carlo  computer 
programs,  such  as  TRIM^.  Because  high  energy  ions  lose  most  of  their  energy  via  electronic 
collisions,  there  is  relatively  little  damage  near  the  surface  of  an  ion-implanted  sample.  The  damage  is 
confined  to  a  relatively  narrow  buried  region  near  the  end  of  the  ion  range,  where  the  ions  lose  most 
of  their  energy  via  nuclear  collisions.  Thus,  by  varying  the  initial  ion  energy,  the  depth  of  the  buried 
damaged  layer  can  be  controlled.  The  thickness  of  the  buried  damaged  layer  is  almost  independent  of 
the  ion  energy.  Consequently,  a  buried  thin  layer  of  graphite  can  be  created  in  diamond  by  ion 
implantation  followed  by  low  temperature  annealing. 

Natural  diamond  type  la  and  Ila  crystals,  in  the  form  of  polished  thin  plates  2x2  or  3x3  or 
4x4  mm  areal  dimensions  and  0.25  mm  thick  (from  Dubbeldee  Harris  Diamond  Corp.),  were 
implanted  with  C+  or  O'*'  ions  to  doses  of  10*^-10’®  cm"^  at  energies  of  4  and  5  MeV 
respectively.  The  range  of  these  MeV  C+  and  0+  are  2.0  ^m  and  1.86  ^m,  respectively  and  the 
straggling  is  about  -O.OS  pm.  The  highest  dose  was  chosen  for  oxygen  to  give  a  peak 
concentration  equal  to  the  concentration  of  host  C  atoms  in  the  graphitic  layer.  The  implanted 
samples  were  annealed  in  flowing  oxygen  to  lift-off  the  top  plate.  The  samples  were  examined  by 
both  optical  and  scanning  elecuon  microscopy  to  monitor  the  etching.  Rutherford 
backscattering/channeling  and  Raman  specu-oscopy  techniques  were  eniployed  to  characterize  the 
lifted  piece. 

One  set  of  samples  was  implanted  with  4  MeV  C*"  ions  to  a  fluence  of  6-  lO'^  cm‘^,  with 
the  substrate  at  a  temperature  of  approximately  80K.  These  samples  were  annealed  in  a  vacuum 
of  approximately  lO"^  Torr  for  30  min  at  950°C  to  graphitize  the  buried  damaged  layers,  and  then 
annealed  at  successively  higher  temperatures  in  air  to  selectively  etch  the  graphitized  layers.  A 
sample  that  was  annealed  for  2  h  in  air  at  550°C  showed  undercutting  of  the  diamond  surface 
layer  by  about  9-13  mm  from  the  edges,  as  demonstrated  by  interference  fringes  caused  by  an  air 
gap  between  the  partially  under-cut  surface  layer  and  the  substrate.  The  etching  rate  at  550°C 
was  ~  5- 10  |im/h  for  the  first  4  h.  After  ~  20  iim  had  been  undercut,  the  rate  decreased 
markedly  with  time.  Presumably  the  etch  rate  was  limited  by  the  penetration  of  the  O2  in  from 
the  edge,  and/or  by  removal  of  the  reaction  products  CO*  out  of  the  constricted  layer.  The 
etching  rate  at  6(X]PC  was  higher  than  at  5S0°C,  but  the  diamond  overlayer  was  also  slowly 
etched  at  that  temperature. 

A  second  set  of  samples  was  implanted  with  4  MeV  C*  ions  to  a  fluence  of  110**  cm '2, 
also  with  the  substrate  at  80  K.  These  samples  were  annealed  in  flowing  oxygen  at  SS0°C  for  1 
h.  This  annealing  produced  a  partially  under-cut  surface  layer,  again  shown  by  interference 
fringes.  This  sample  was  then  annealed  at  550^0  for  4  more  hours  in  flowing  oxygen.  The 
diamond  overlayer  had  separated  when  the  sample  was  removed  from  the  furnace,  demonstrating 


that  complete  lift  off  required  less  than  five  hours  at  550°C  in  flowing  oxygen.  Both  the  lified- 
ofT  plate  and  the  diamond  substrate  are  shown  in  Fig.  3.  The  lifted  plate  (on  the  bottom)  is  darker 
than  the  diamond  substrate  (on  the  top).  Since  darker  coloring  indicates  more  irradiation  defects, 
this  effect  demonsuates  that  the  maximum  depth  of  ion  implantation  has  a  sharp  cut-off;  hence 
the  diamond  crystal  template  has  less  damage.  The  line  near  the  edge  of  both  the  lifted-off  layer 
and  the  substrate  corresponds  to  the  etching  depth  after  the  first  hour  (about  120)xm).  The  black 
areas  on  both  the  lifted  plate  and  the  substrate  are  unetched  graphite.The  etching  rate  at  SSO^C 
was  determined  to  be  between  120  ttm  and  140  pm/h,  which  is  much  greater  than  that  for  the 
lower  dose  C-implanted  sample  described  previously. 


Fig.  3  Optical  Micrograph  of  a  lifted-off  diamond  layer.  The  lift-olT  was 
achieved  by  implantation  with  5  MeV  O'*’  ions  to  a  fluencies  of 
310*’  cm'^,  followed  by  annealing  in  flowing  oxygen  at  550  °C  for  1  hr. 

Several  samples  were  implanted  at  -80K  with  5  MeV  ions  to  fluences  of  10*’  to  10*® 
cm'^.  The  highest  dose  was  chosen  to  give  a  peak  oxygen  concentration  equal  to  the 
concentration  of  host  C  atoms  in  the  graphitic  layer.  One  of  the  10*®  cm'^  samples  was  annealed 
at  950®C  for  1  h  in  vacuum.  Most  of  the  diamond  overlayer  flaked  off  the  surface  (Fig.4), 
presumably  because  of  the  high  pressure  from  the  reaction  products  CO  and  CO2  at  high 
temperature .  A  unique  mesa  structure  resulted,  as  shown  in  Fig  4a,  where  well-defined  cleavage 
plane  traces  are  visible.  A  scanning  electron  micrograph  of  one  of  the  remaining  pieces  on  the 
surface  is  shown  in  Fig.  4b.  Here  residual  graphitic  layers  are  visible  both  on  the  sample  surface 


and  on  the  underside  of  the  undercut  diamond  layer.  One  method  by  which  this  unwanted 
graphite  can  be  removed  is  by  annealing  in  flowing  oxygen. 

A  second  4x4  mm  diamond  sample  that  had  been  implanted  to  10**  O  cm'^  was  etched  in 
flowing  oxygen  at  550®C  for  1  h.  Most  of  the  4x4  mm  layer  of  diamond  was  removed  in  one 
piece,  but  it  broke  into  3  pieces  while  being  handled.  One  of  the  pieces  (4x1.5  mm)  was  then 
annealed  in  vacuum  (10'^  Torr)  at  950PC  for  1  h  to  remove  the  residual  damage.  This  annealing 


increased  the  transparency  of  the  lifted  diamond,  leaving  it  curled  with  a  translucent  brownish 
hue,  as  shown  in  the  SEM  micrograph  (Fig.  5). 


(a)  -  (b)  - 

0.5  mm  3.0  Mm 

Fig.  4  (a.)  Optical  micrograph  of  a  diamond  crystal  after  implantation  with  5  MeV  O  ions 
to  a  fluence  of  10'*  cm'2,  followed  by  annealing  at  950'’C  for  1  h  in  vacuum.  Most  of  the 
overlayer  was  lost,  but  a  few  rectangular-shaped  pieces  of  the  overlayer  remained,  and  are  seen 
as  bright  areas  in  the  photograph,  (b.)  Scanning  electron  micrograph  of  one  edge  of  a  piece  of 
diamond  overlayer  from  the  sample  of  Fig.  2(a.).  The  thickness  of  the  layer  was  2  mm. 

To  determine  the  minimum  dose  of  oxygen  needed  to  lift  off  a  diamond  layer,  single 
crystals  were  implanted  with  5  MeV  to  fluences  of  MO'^,  3-10*^,  and  7-10'^  cm'^  at  80 
K.  A  dose  of  I-IO’^  cm'^  was  not  sufficient  to  amorphize  the  diamond  or  to  cause  lift-off. 
However,  successful  lift-off  was  achieved  for  a  dose  of  3.  lO'^  cm'^.  The  sample  was  annealed 


in  flowing  oxygen  for  4  h  at  550o  C.  The  top  layer,  which  lifted  off  in  one  piece,  was  darker 
than  the  diamond  substrate,  as  in  Fig.  3.  Once  again,  the  central  part  of  the  lifted  layer  appeared 
black,  because  of  unbumt  residual  graphite.  The  3-10*^  cm’^  fluence  should  produce  a  Frenkel 
defect  concentration  of  -10  %  in  the  near-surface  layer^,  which  is  close  to  the  damage 
concentration  that  is  completely  recoverable,  according  to  our  earlier  annealing  results'*.  To 
avoid  the  curling  of  the  lifted  diamond  layer,  it  would  be  necessary  to  deposit  a  thick  (-10  pm) 
homoepitaxial  layer  before  the  lift-off  in  order  to  endow  the  top  layer  with  greater  mechanical 


\ 
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Fig.  5  Scanning  Electron  Micrograph  of  a  lifted-off  diamond  layer.  The  lift-off  was  achieved 
by  implantation  with  5  MeV  O  ions  to  a  fluence  of  10*8  cm’^,  followed  by  annealing  in  flowing 
oxygen  at  550°C  for  1  h  The  sample  was  then  vacuum  annealed  at  950°C  for  1  h  to  remove 
radiation  damage 

The  implanted  pieces  were  analyzed  to  measure  near  surface  damage  by  Rutherford 
backscattering/channeling  and  Raman  spectroscopy.  RBS/channeling  analysis,  using  1.5  MeV 
H''’,was  performed  on  an  as  implanted  diamond  (10*^.cm'^  at  80  K)  and  annealed  after  rapid 
thermal  annealing  to  1000  ®C  for  90  sec.  Fig  6  shows  the  channeled  spectra  of  the  virgin,  as 
implanted  and  annealed  diamond  crystal  in  relation  to  a  random,  non-channeled,  yield.  It  can  be  seen 
that  the  channeling  yield  after  annealing  drops  at  the  surface  indicating  damage  recovery  is  occuring, 
however  it  does  not  go  back  to  the  virgin  level.  High  dechanneling  present  in  the  as  implanted  and 
annealed  diamond  is  probably  mostly  due  to  distortion  of  the  lattice  because  of  high  dose  implant  and 
not  due  to  extended  defects  which  are  created  during  implantation  at  higher  temperature.  The  peak 
near  900  keV  is  due  to  buried  oxygen  (1.85  pm  deep). 
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Fig.  6:  RBS/Channeling  spectra  of  random,  virgin,  as  implanted  and 
RTA  annealed  diamond  crystal. 

Raman  spectrum  for  a  sample  implanted  with  0/cm^  at  5  MeV  is  shown  in  Fig.  7.  The 
diamond  line  at  1332  cm'*  is  still  evident  but  the  intensity  has  dropped,  indicating  the  influence  of  the 
damaged  layer. 


(a) 


Fig.  7  Micro  Raman  of  5  MeV  0(1.10*^  cm'^  )  implanted  diamond  (a)  Back 
side  (b)  implanted  side 


Summary 

We  have  demonstrated  that  square  millimeter-sized  areas  of  diamond  can  be  lifted  off  intact 
from  natural  diamond  crystals  through  a  technique  combining  implantation  and  selective  etching. 
Both  4  MeV  C  implantation,  followed  by  selective  etching  in  oxygen  or  in  chromic  acid,  and  5 
MeV  O  implantation,  followed  by  vacuum  annealing  and/or  annealing  in  O2.  were  used.  Sheets 
up  to  4x4  mm  in  size  were  lifted  off  by  the  implantation  method. 
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We  describe  a  new  method  for  removing  thin,  large  area  sheets  of  diamond  from  bulk  or 
homoepitaxial  diamond  crystals.  This  method  consists  of  an  ion  implantation  step,  followed  by 
a  selective  etching  procedure.  High  energy  (4-5  MeV)  implantation  of  carbon  or  oxygen  ions 
creates  a  well-defined  layer  of  damaged  diamond  that  is  buried  at  a  controlled  depth  below  the 
surface.  For  C  implantations,  this  layer  is  graphitized  by  annealing  in  vacuum,  and  then  etched 
in  either  an  acid  solution,  or  by  heating  at  550-600  "C  in  oxygen.  This  process  successfully  lifts 
off  the  diamond  plate  above  the  graphite  layer.  For  O  implantations  of  a  suitable  dose  (3x  lO’’ 
cm~^  or  greater),  the  liftoff  is  achieved  by  annealing  in  vacuum  or  flowing  oxygen.  In  this  case, 
the  O  required  for  etching  of  the  graphitic  layer  is  also  supplied  internally  by  the  implantation. 
This  liftoff  method,  combined  with  well-established  homoepitaxial  growth  processes,  has 
considerable  potential  for  the  fabrication  of  large  area  single  crystalline  diamond  sheets. 
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be  preferentially  etched  at  a  much  more  rapid  rate  than 
that  of  the  adjacent  diamond. 

It  is  known^'^  that  ion  beam  damage  caused  by  carbon 
implantation  at  low  temperatures  in  diamond  can  be  di¬ 
vided  into  four  general  regimes. 

(i)  At  low  doses  (<1.5xl0”  ions/cm^  at  1(X) 
keV,  corresponding  to  a  Frenkel  defect  concentration  of 
~7%),  the  damage  is  almost  completely  recoverable  by 
thermal  annealing  at  about  900  ‘C  in  vacuum. 

(ii)  At  doses  between  1.5  X  lO'*  and  1  X  lO'*  C"*"  ions/ 
cm^  at  1(X)  keV,  a  stable  damaged  diamond  structure 
(green  diamond^)  may  be  formed  by  annealing  at  950 'C. 

(iii)  At  doses  greater  than  about  lO'*  ions/cm^  at 
100  keV,  the  damaged  diamond  is  graphitized  by  thermal 
annealing  at  moderate  temperatures  (about  600 *C). 

(iv)  At  very  high  doses,  diamond  is  spontaneously 
graphitized.  It  should  be  noted,  however,  that  diamond  is 
much  more  resistant  to  such  graphitization  when  the  dam¬ 
aged  layer  is  buried,  perhaps  because  of  the  constraint  on 
expansion  due  to  the  relatively  undamaged  overlying  dia¬ 
mond.^ 

The  depth  profile  of  ion  beam  damage  can  be  calcu¬ 
lated  using  Monte  Carlo  computer  programs,  such  as 
TRIM.*  Because  high  energy  ions  lose  most  of  their  energy 
via  electronic  collisions,  there  is  relatively  little  damage 
near  the  surface  of  an  ion-implanted  sample.  The  damage 
is  confined  to  a  relatively  narrow  buried  region  near  the 
end  of  the  ion  range,  where  the  ions  lose  most  of  their 
energy  via  nuclear  collisions.  Thus,  by  varying  the  initial 
ion  energy,  the  depth  of  the  buried  damaged  layer  can  be 
controlled.  The  thickness  of  the  buried  damaged  layer  is 
almost  independent  of  the  ion  energy.  Consequently,  a  bur¬ 
ied  thin  layer  of  graphite  can  be  created  in  diamond  by  ion 
implantation  followed  by  low-temperature  annealing. 
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Selective  etching  of  the  graphitic  layer  can  be  achieved 
by  several  methods. 

( 1 )  Since  a  hot  chromic-sulfuric  acid  solution  etches 
graphite  much  more  rapidly  than  diamond,  it  is  apparent 
that  liftoff  could  be  achieved  by  the  graphitizing  of  a  buried 
layer  followed  by  an  acid  etch.  However,  the  penetration  of 
the  acid  into  the  narrow  graphitic  layer  may  be  slow. 

(2)  The  graphitic  layer  can  be  etched  by  annealing  in 
an  oxygen  atmosphere, ‘  i.e.,  burning  the  graphite  to  form 
CO  or  CO2. 

(3)  In  method  (2),  the  oxygen  must  be  supplied  via 
diffusion  from  the  edge  of  the  sample.  However,  if  the 
implanted  species  is  oxygen,  the  implantation  serves  the 
dual  role  of  creating  the  damaged  layer  and  providing  the 
required  oxygen  for  etching. 

Natural  diamond  types  la  and  Ila  crystals,  in  the  form 
of  polished  thin  plates  2x2  or  3x3  or  4x4  mm  areal 
dimensions  and  0.25  mm  thick  (from  Dubbeldee  Harris 
Diamond  Corp.),  were  implanted  with  or  ions  to 
doses  of  6x  10'‘  cm“^-10'*  cm“^  at  energies  of  4-5  MeV. 
The  ranges  for  4  MeV  and  5  MeV  O'*'  are  1.95  and  1.86 
/im,  and  the  straggling  0.07  and  0.05  fim,  respectively.  The 
C  implanted  samples  were  annealed  in  vacuum  to  graphi- 
tize  the  damaged  layers,  and  then  annealed  in  air  or  flow¬ 
ing  oxygen.  Some  samples  were  etched  in  a  chromic- 
sulphuric  acid  solution.  The  O  implanted  samples  were 
annealed  in  vacuum  at  5(X>-900°C  to  form  COj,  in  the 
damaged  layer,  and  in  some  cases  a  further  anneal  in  O2 
was  used  to  complete  the  liftoff  process.  The  samples  w  ere 
examined  by  both  optical  and  scanning  electron  micros¬ 
copy  to  monitor  the  etching. 

One  set  of  samples  was  implanted  with  4  MeV  C  ions 
to  a  fluence  of  6x  10'‘  cm~^  with  the  substrate  at  a  tem¬ 
perature  of  approximately  80  K.  These  samples  were  an¬ 
nealed  in  a  vacuum  of  approximately  10“*  Torr  for  30  min 
at  950  °C  to  graphitize  the  buried  damaged  layers,  and  then 
annealed  at  successively  higher  temperatures  in  air  to  se¬ 
lectively  etch  the  graphitized  layers.  A  sample  that  was 
annealed  for  2  h  in  air  at  550  °C  showed  undercutting  of 
the  diamond  surface  layer  by  about  9-13  /xm  from  the 
edges,  as  demonstrated  by  interference  fringes  caused  by  an 
air  gap  between  the  partially  undercut  surface  layer  and 
the  substrate.  The  etching  rate  at  550  °C  was  ~  5-10  fxm/h 
for  the  first  4  h.  After  ~20/xm  had  been  undercut,  the  rate 
decreased  markedly  with  time.  Presumably  the  etch  rate 
was  limited  by  the  penetration  of  the  O  in  from  the  edge, 
and/or  by  removal  of  the  reaction  products  out  of  the 
constricted  layer.  The  etching  rate  at  6(K)°C  was  higher 
than  at  550  *C  but  the  diamond  overlayer  was  also  slowly 
etched  at  that  temperature. 

After  the  950  °C  vacuum  anneal,  one  of  these  samples 
was  etched  in  hot  chromic-sulphuric  acid,  which  also 
caused  undercutting  by  removal  of  the  graphitic  layer.  A  5 
min  etch  gave  an  undercut  depth  of  0.35  /xm,  and  the 
overlying  natural  diamond  layer  was  2  ^m  thick. 

A  second  set  of  samples  was  implanted  with  4  MeV 
ions  to  a  fluence  of  1  X  lO'*  cm“^  also  with  the  substrate  at 
80  K.  These  samples  were  annealed  in  flowing  oxygen  at 
550  ’C  for  1  h.  This  annealing  produced  a  partially  under- 
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FIG.  I.  Ontical  micrograph  of  lifted-off  diamond  layer  (on  the  right) 
bes\!-  u.-  original  diamond  crystal  template  (on  the  left).  This  liftoff  was 
.'hie\ed  by  an  implantation  of  4  MeV  C  ions  to  a  fluence  of  I  X  lO'* 
cm"^  followed  by  an  anneal  at  550 ’C  for  5  h  in  flowing  oxygen. 


cut  surface  layer,  again  shown  by  interference  fringes.  This 
sample  was  then  annealed  at  550 ’C  for  4  more  hours  in 
flowing  oxygen.  The  diamond  overlayer  had  separated 
when  the  sample  was  removed  from  the  furnace,  demon¬ 
strating  that  complete  liftoff  required  less  than  5  h  at 
550  'C  in  flowing  oxygen.  Both  the  lifted-off  plate  and  the 
diamond  substrate  are  shown  in  Fig.  1.  The  lifted  plate  (on 
the  right)  is  darker  than  the  diamond  substrate  (on  tl.e 
left).  Since  darker  coloring  indicates  more  irradiation  de¬ 
fects,  this  effect  demonstrates  that  the  maximum  depth  of 
ion  implantation  has  a  sharp  cutoff;  hence  the  diamond 
crystal  template  has  less  damage.  The  line  near  the  edge  of 
both  the  lifted-off  layer  and  the  substrate  corresponds  to 
the  etching  depth  after  the  first  hour  (about  120  #xm).  The 
black  areas  on  both  the  lifted  plate  and  the  substrate  are 
unetched  graphite.  The  etching  rate  at  550  °C  was  deter¬ 
mined  to  be  between  120  and  140  ^m/h,  which  is  much 
greater  than  that  for  the  lower  dose  C  implanted  sample 
described  previously. 

Several  samples  were  implanted  at  ~80  K  with  5  MeV 
‘‘O  ions  to  fluences  of  lO'^-lO'®  cm”^  The  highest  dose 
was  chosen  to  give  a  peak  oxygen  concentration  equal  to 
the  concentration  of  host  C  atoms  in  the  graphitic  layer. 
One  of  the  lO'*  cm“^  samples  was  annealed  at  950  °C  for  1 
h  in  vacuum.  Most  of  the  diamond  overlayer  flaked  off  the 
surface  (Fig.  2),  presumably  because  of  the  high  pressure 
from  the  reaction  products  CO  and  CO2  at  high  tempera¬ 
ture.  A  unique  mesa  structure  resulted,  as  shown  in  Fig. 
2(a),  where  a  well-defined  cleavage  plane  traces  are  visible. 
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FIG  2  (a)  Optical  micrograph  of  a  diamond  crystal  after  implantation 
with  5  MeV  O  ions  to  a  fluence  of  lO"  cm  followed  by  annealing  at 
950  “C  for  1  h  in  vacuum  Most  of  the  oserlayer  was  lost,  but  a  few 
rectangular-shaped  pieces  of  the  overlayer  remained,  and  are  seen  as 
bright  areas  in  the  photograph  (b)  Scanning  electron  micrograph  of  one 
edge  of  a  piece  of  diamond  overlayer  from  the  sample  of  Fig  ,1(a)  The 
thickness  of  the  layer  was  2  ;<m 

A  scanning  electron  micrograph  of  one  of  the  remaining 
pieces  on  the  surface  is  shown  in  Fig.  2(b),  Here  residual 
graphitic  layers  are  visible  both  on  the  sample  surface  and 
on  the  underside  of  the  undercut  diamond  layer.  One 
method  by  which  this  unwanted  graphite  can  be  removed 
is  by  annealing  in  flowing  oxygen. 

A  second  4x4  mm  diamond  sample  that  had  been 
implanted  to  lO'*  O  ions/cm‘  was  etched  in  flowing  oxy¬ 
gen  at  550  °C  for  1  h.  Most  of  the  4x4  mm  layer  of  dia¬ 
mond  was  removed  in  one  piece,  but  it  broke  into  3  pieces 
while  being  handled.  One  of  the  pieces  (4x  1.5  mm)  was 
then  annealed  in  vacuum  ( 10  '  Torr)  at  950  °C  for  1  h  to 
remove  the  residual  damage.  This  annealing  increased  the 
transparency  of  the  lifted  diamond,  leaving  it  curled  with  a 
translucent  brownish  hue.  as  shown  in  the  SEM  micro¬ 
graph  (Fig.  3). 

To  determine  the  minimum  dose  of  oxygen  needed  to 
lift  oflT  a  diamond  layer,  single  crystals  were  implanted  with 
5  MeV  '*’0  *  to  fluences  of  1  X  lO'^,  3  X  lO'^,  and  7  X  lO” 
cm  ‘  at  80  K.  A  dose  of  1  X  lO'^  cm"’  was  not  sufficient  to 
amorphize  the  diamond  or  to  cause  liftoff.  However,  suc¬ 
cessful  liftoff  was  achieved  for  a  dose  of  3x  lO'^  cm  The 
sample  was  annealed  in  flowing  oxygen  for  4  h  at  550  °C. 
The  top  layer,  w  hich  lifted  off  in  one  piece,  was  darker  than 
the  diamond  substrate,  as  in  Fig.  1.  The  3xl0'^  cm  ‘ 
fluence  should  produce  a  Frenkel  defect  concentration  of 
~  10%  in  the  near-surface  layer,'  which  is  close  to  the 
damage  concentration  that  is  completely  recoverable,  ac¬ 
cording  to  our  earlier  annealing  results.  ’  To  avoid  the  curl¬ 
ing  of  the  lifted  diamond  layer,  it  would  be  necessary  to 
deposit  a  thick  (  —  10  /rm)  homoepitaxial  layer  before  the 
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FIG  .V  Scanning  electron  micrograph  of  a  lifted-ofl' diamond  layer  The 
liftotf  was  achieved  by  implantation  with  5  MeV'  O  ions  to  a  fluence  of 
to"'  cm  followed  by  annealing  in  flowing  ouygcn  at  .550  "C  for  I  h  The 
sample  wav  then  vacuum  annealed  at  950 'C  for  1  h  to  remove  radiation 
damage 

liftoff  in  order  to  endow  the  top  layer  with  greater  mechan¬ 
ical  strength. 

We  have  demonstrated  that  square  millimeter-sized  ar¬ 
eas  of  diamond  can  be  lifted  off  intact  from  natural  dia¬ 
mond  crystals  through  a  technique  combining  implanta¬ 
tion  and  selective  etching.  Both  4  MeV  C  implantation, 
followed  by  selective  etching  in  oxygen  or  in  chromic  acid, 
and  5  MeV  O  implantation,  followed  by  vacuum  annealing 
and/or  annealing  in  O2.  were  used.  Sheets  up  to  4x4  mm 
in  size  were  lifted  off  by  the  O  implantation  method. 
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5.0  Diamond  Bonding  and  Consolidation 


The  need  for  a  large-area  diamond  single  crystal  template  has  driven  further 
progress  in  this  area.  We  ordered  and  received  (in  the  last  quarter  of  this  phase)  several 
3x3  mm  diamond  single  crystals  which  have  edges  and  faces  oriented  and  polished  on 
(100)  planes  (±  2°)  and  have  begun  to  use  these  to  fabricate  initial  tiled  arrays.  Critical 
to  the  success  of  this  part  of  the  program  is  the  ability  to  meet  several  technological 
criteria  simultaneously.  Some  of  these  criteria  are: 

1 .  The  diamonds  must  be  held  closely  together  to  minimize  the  amount  of  overgrowth 
necessary  for  consolidation. 

2.  The  face  of  the  diamond  tiled  array  must  be  relatively  flat  so  as  to  minimize  the 
amount  of  diamond  growth  required  for  planarization. 

3.  The  bonding  scheme  must  be  compatible  with  the  chosen  diamond  growth  process 
(growth  temperature,  cool-down,  etc.) 

4.  The  bonding  scheme  must  preserve  (or  at  least  enable  recovery  of)  the  diamond 
single  crystal  surfaces  such  that  good  quality  homoepitaxial  diamond  can  nucleate 
and  grow. 

5.  Finally,  the  bonding  scheme  must  give  consideration  to  the  crystallographic 
alignment  between  diamond  tiles  to  minimize  dislocation  densities  at  the  "seams". 
Methods  of  checking  the  crystallographic  alignment  (non-destructively)  and 
assessing  the  dislocation  densities  at  seams  must  be  used  to  establish  the  viability  of 
any  tiling  technique. 


15 


5.1  Initial  Experiments  on  Ni(lOO) 


As  Ni  has  been  demonstrated  to  grow  epitaxially  on  diamond  and  to  be  quite 
adherent,  it  was  believed  that  it  could  be  used  as  a  single-crystal  bonding  layer  to  another 
crystal,  which  itself  could  be  Ni.  To  begin  to  show  viability  of  this  concept, 
heteroepitaxial  Ni  was  MBE  grown  on  a  C(100)  crystal  to  a  thickness  of  -  130  nm 
(Figure  5.1).  SEM  and  RBS/channeling  showed  the  Ni  epilayer  to  be  smooth  and  the  Ni 
layer  to  be  single  crystal  and  of  reasonable  crystallographic  quality  =  3%). 

Next,  to  show  the  possibility  of  bonding  Ni-coated  diamonds,  -  3.5  pm  of 
heteroepitaxial  Ni  was  grown  on  2  C(IOO)  crystals  simultaneously.  An  "annealing  press" 
was  constructed  of  materials  of  different  coefficient  of  thermal  expansion  such  that  when 
heated,  a  compressive  load  was  placed  any  sample  located  in  it.  The  2  Ni  epi  coated 
C(IOO)  crystals  were  placed  in  this  annealing  press  with  Ni-coated  sides  facing  each 
other.  By  heating  this  assembled  annealing  press  it  was  anticipated  that  the  simultaneous 
application  of  a  compressive  load  and  elevated  temperature  would  enable  the  2  Ni-coated 
diamonds  to  diffusion  bond  together.  Indeed,  after  subjecting  it  to  9()0°C  for  30  minutes 
in  an  inert  atmosphere,  the  2  diamonds  were  bonded  very  strongly  together,  (Figure  5.2). 
Even  after  post-bonding  cleaving  to  obtain  SEM  cross-section  micrographs,  the  CTNi- 
Ni/C  bond  did  not  fail.  However,  the  diamonds  themselves  did  show  damage 
immediately  after  removal  from  the  annealing  press,  and  different  materials  were  chosen 
for  the  annealing  press  to  reduce  the  total  compressive  strain  experienced  by  the  sample 
upon  excursion  to  900°C. 

Bonding  was  next  attempted  to  a  Ni(lOO)  single  crystal.  1(X)  nm  of 
heteroepitaxial  Ni  was  grown  on  2  edge-oriented  and  polished  C(IOO)  crystals  (all  faces 
and  sides  oriented  to  (lOO)-type  planes).  These  crystals  were  then  placed  on  a  specially 
prepared  Ni(l(X))  crystal,  which  had  the  [010]  direction  scribed  onto  it  using  back 
reflection  lane  x-ray  diffraction  to  locate  the  crystallographic  direction.  The  [010]  edges 
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Backscattering  Yield 


Ni  Heteroepitaxy  on  Diamond  (100) 


/RTI 


Sequence:  1.  Load  type  la  C(IOO)  into  MBE 

2.  Desorption/anneai  at  900®C,  20  min. 

3.  Lower  temperature  for  growth  to  430°C 

4.  Deposit  Ni  at  1  A  -  sec~l  HHI 

Ni  /Diamond:  <100>  Channeling 


Channel 


Good  Ni  Crystallinity  Excellent  Topography 

Xmin  =  3%;Xint=15% 
thickness  =  1280  A 


Figure  5.1 
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Sequence: 


Diamond  (100) 
Single  Crystals 


Diamond/Diamond  Bonding  Using  Nickel 


1.  Ni  MBE  on  each  diamond 
face 

2.  Load  into  annealing  press 

3.  Subject  to  900°C,  30  min, 
in  compression. 


M  :  -  U  :  C  Vr;,-  ;  -  c  '  :  ijO 
I  !  0  C' 


C  1  y  Cl  > 


0  0  0  0  0  4  3  K  '3  I''  i  0  .  0  ^  m 


Cleaved  Cross-Section  Showing  Diamond/ 
Diamond  Bond  Which  Did  Not  Fail 


Figure  5.2 
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of  the  Ni-coated  diamond  (100)  crystals  were  aligned  with  the  [010]  scribe  on  the 
Ni(lOO)  surface,  while  the  diamonds  were  placed  in  dose  proximity  to  each  other.  This 
assemblage  (shown  schematically  in  Figure  5.3)  was  placed  in  the  annealing  press  and 
subjected  to  900°C  for  30  minutes. 

The  Ni-coated  diamonds  bonded  to  the  Ni(lOO)  crystal,  as  shown  in  Figures  5.3, 
5.4,  and  5.5.  A  slight  off-set  of  the  2  crystals  is  evident  due  to  the  difficulty  of  placing 
the  crystals  in  alignment  by  hand;  no  locating  fixture  was  used  for  this  experiment.  We 
are  impressed  by  the  fact  that,  even  with  this  crude  placement  technique,  that  the  crystals 
were  separated  by  only  ~  10  |im  (Figure  5.5).  The  bonding  was,  again,  found  to  be  quite 
robust  as  these  crystals  stayed  together  after  substantial  shock  to  the  assemblage  and  after 
surface  polishing. 

An  attempt  to  overgrowth/join  these  crystals  by  growth  of  diamond  was  not 
successful.  One  crystal  broke  loose  fi'om  the  Ni  substrate  shortly  after  removal  from  the 
diamond  reactor  even  though  this  time  the  sample  was  handled  with  greater  care.  Hence, 
several  successes  and  deficiencies  were  identified  from  these  initial  experiments.  In  the 
next  set  of  bonding  experiments,  issues  of  using  a  locating  fixture  and  a  substrate  with  a 
closer  coefficient  of  thermal  expansion  (CTE)  match  to  diamond  were  examined. 

5.2  Bonding  and  Consolidation  on  Si(lOO) 

It  was  also  decided  to  separate  the  magnitude  of  the  compressive  load  applied  to 
the  diamonds  from  the  temperature  chosen  for  bonding.  A  new  annealing  furnace  was 
also  constructed  which  enabled  real  time  viewing  of  the  arrayed  diamonds.  While  Ni- 
coating  of  diamonds  was  continued  to  the  initial  success  with  that  form  of  interlayer,  the 
single  crystal  substrate  was  changed  to  Si(lOO).  This  made  the  substrate  more  easily 
available  and  cheaper,  as  well  as  enabling  a  closer  CTE  match  with  diamond.  What  is 
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Oriented  Diamond 


(100)  Bonding  to  Ni(lOO) 


/RTI 


Sequence:  1 .  MBE  heteroepitaxial  Ni  on 

C(IOO)  Diamonds  with  polished 
{010}  edge  orientations 

2.  Place  on  Ni(lOO)  surface  ensuring 
that  [OlOJc  //  [OlOlNi  and 
diamond  edges  are  in  contact 

3.  Lx)ad  into  annealing  press 

4.  Subject  to  9(X)°C,  30  min.  in 


compression 


[010]  Edge-Oriented 
Diamond  (100)  Crystals 


Top  View 


Entire  Structure 


Figure  5.3 
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Showing:  1 .  Good  registry 

2.  Deformation  of  Ni  to  accommodate  different  diamond  crystal  thickness 

3.  Excellent  adherence.  Micrographs  taken  after  mishandling  (shock)  and 
surface  polishing  (shear) 


Figure  5.4 
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Oriented  Diamond  (100)  Bonding  to  Ni  (100) 


N  1  -  I’l  I'l  5  -  i  -  1  -  C  1  0  0 
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Figure  5.5 
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sacrificed  is  the  lattice  matching  that  Ni(lOO)  provided.  A  number  of  attempts  were 
made  to  grow  a  Ni  heteroepitaxial  film  on  Si  (using  a  NiSi2  epitaxial  interlayer)  to  be 
used  in  these  bonding  experiments,  but  attacking  this  goal  has  been  elusive  due  in  part  to 
Si  substrate  heating/cleaning  problems  in  the  MBE.  This  deficiency  is  currently  being 
rectified  by  fabrication  of  a  new  MBE  heater  stage  which  should  be  on-line  by  31 
January  1993. 

Therefore,  initial  attempts  of  Ni-coated  diamond  bonding  to  Si(lOO)  were  not 
done  with  epitaxial  registry  as  the  primary  purpose.  Issues  of  geometric  alignment  and 
materials  bonding  were  emphasized.  Several  experiments  were  done  to  create  a  2- 
dimensional  array  of  edge-oriented  diamonds.  Culminating  the  work  in  this  phase  was 
the  2x2  array  of  3x3  n'm  xlge-oriented  diamonds  shown  in  Figure  5.6.  For  this  array, 
the  Ni-coated  diauir  ids  were  bonded  to  a  Au/W/SiO2/Si(100)  structure.  The  separation 
varied  between  the  diamonds,  but  was  as  low  as  1.5  |i.m.  Work  in  the  follow-on  phase 
will  emphasize  maintaining  this  spacing  on  all  seams  and  simplifying  the  materials 
sequence  necessary  to  achieve  diamond  bonding  to  silicon. 

5.3  Diamond  Crystal  Orientation 

Use  of  electron  channeling  patterns  (ECP)  in  the  SEM  can  enable  determination 
of  crystallographic  directions  of  bulk  single  crystals.  Furthermore,  this  can  be  done  on 
relatively  small  areas  (-  100  lim^).  Obtaining  ECPs  from  a  semiconducting  type  Ilb 
(100)  diamond  is  straightforward  due  their  adequate  conduction  and  lack  of  charging  in 
the  SEM  (high  voltage  >  15  keV  is  required  for  this  technique)  as  shown  in  Figure  5.7. 
However,  we  are  mainly  using  insulating  type  Ila  and  la  diamonds  which  cannot  be 
imaged  at  high  voltages  without  charging.  However,  evaporation  of  a  small  amount  of 
amorphous  carbon  (~  20  nm)  permits  charge  bleed-off  while  preserving  the  details  of  the 
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Heteroepitaxial  Ni  on  (100)  Diamond  Bonded  to  Au/W/Si02-Coated  Si(lOO)  Wafer 
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Figure  5.6 
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Examples  of  Electron  Channeling  Patterns 
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Figure  5.7 
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ECP  (Figure  5.7).  We  intend  to  use  this  method  to  directly  compare  the  crystallographic 
orientation  of  diamonds  in  an  array  in  the  next  phase  of  this  program. 
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6.0  Homoepitaxial  Growth  Studies 


Key  to  the  consolidation  of  individual  crystals  into  a  large  single  crystal  will  be 
the  homoepitaxial  process.  We  at  Research  Triangle  Institute  have  been  focusing  on 
refinement  of  the  CVD  process  to  enable  extended  homoepitaxial  growth.  This 
capability  will  be  critical  not  only  just  for  the  consolidation  but  also  for  the  generation  of 
additional  single  crystals  through  cloning  of  the  proprietor  consolidated  single  crystal. 
The  homoepitaxial  technology  at  RTI  has  been  published  on  quite  widely,  but  all  those 
reports  were  for  fairly  thin  (<  2  pm)  epitaxial  layers.  The  results  reported  there  for 
homoepitaxy  on  the  diamond  (100)  surface  were  quite  encouraging.  Even  polishing  lines 
on  the  (100)  surface  were  quickly  planarized  by  the  CVD  process. 

First  attempts  at  extended  homoepitaxy  using  CH4  in  H2  gas  mixtures  resulted  in 
extremely  roughened  surface  topographies.  Figure  6.1  shows  the  deposition  conditions 
for  a  6  hour  growth  (~  3  pm)  using  0.33%  CH4  in  H2.  The  surface  topography  has  been 
accentuated,  not  planarized  by  this  process.  These  results  were  unexpected.  To  observe 
the  transition  from  the  polished  as-received  surfaces  to  this  rough  "shingled" 
morphology,  an  epitaxial  growth  was  performed  for  a  slightly  longer  duration,  but  by 
interrupting  the  deposition  at  1  hour,  3  hours,  and  6.5  hours.  Figures  6.2  and  6.3  show 
SEM  micrographs  from  these  epitaxial  layers.  The  topography  after  the  6.5  hour 
interrupted  growth  was  distinctly  smoother  than  the  "shingled"  topography  observed 
previously  for  the  uninterrupted  6.0  hour  growth. 

The  interruption  and  exposure  to  room  ambient  proved  beneficial.  We  suspected 
that  the  graphite  susceptor  above  transfer  into  the  room  ambient  absorbed  considerable 
water  vapor.  Upon  reintroduction  into  the  vacuum  environment  of  the  deposition  system 
and  upon  heating,  the  susceptor  would  desorb  the  water  into  the  system.  Water  vapor 
released  from  the  heated  susceptor  would  be  adsorbed  onto  the  nearby  water-cooled 
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Homoepitaxial  Diamond 


Mixture:  0.337^  CH4/H2 
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Rough.  "Shingled"  Morphology 


Figure  6.1 
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Homoepitaxial  Diamond 


Mixture:  0.337^  CH4/H2 
T  =  900°C;  P  =  5  Torr 
rf  Power  =  1 800W 
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of  Each  Run  Thought  to  be 
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After  I  hour 


Figure  6.2 


29 


Homoepitaxial  Diamond 


0-091192-1- 
C  (  1  0  0  )  -  I  D 


v  Vi/r  ■ 

'-■-■■■  rl  -  :  ■  ■ 
■  \'  •.  ,  "V 


000000  3KV  Xb.00K  5.0um 


After  I  +  2  hours 


After  1  +  2  +  3.5  hrs. 


Figure  6.3 
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quartz  walls.  Water  vapor  would  be  slowly  released  from  the  quartz  walls  resulting  in 
the  system  having  a  prolonged  memory  for  water. 

To  corroborate  this  hypothesis,  feedstock  gases  containing  oxygen  were 
deliberately  introduced  for  extended  homoepitaxial  growths.  Figure  6.4  shows  a  SEM 
micrograph  from  a  diamond  deposition  using  1.14%  CO,  0.43%  CH4,  and  H2, 
uninterrupted  for  6.5  hours.  The  surface  topography  appears  nearly  identical  to  the  SEM 
micrograph  from  the  6.5  hour  interrupted  growth  using  0.33%  CH4  in  H2.  Oxygen 
addition  (as  H2O,  CO,  etc.)  appears  essential  to  the  growth  of  smooth  (100) 
homoepitaxy.  Elimination  of  the  oxygen  seriously  degrades  the  morphology.  RTI  has 
extensive  research  on  the  role  of  oxygen  on  the  (100)  surface  (see  Section  3.0). 

Oxygen  on  the  diamond  (100)  surface  is  seen  to: 

1)  stabilize  the  1  x  1  structure; 

2)  upon  desorption,  create  reactive  sites  for 
radical  insertion;  and 

3)  extract  H  from  the  surface. 

Work  is  planned  in  the  near  future  to  evaluate  extended  homoepitaxial  growths 
using  water  vapor  as  the  intentional  oxygen  source.  We  have  already  observed  that  water 
addition  to  a  1%  CH4  in  H2  process  dramatically  reduces  the  secondary  nucleation  during 
polycrystalline  growth. 


31 


Homoepitaxial  Diamond 
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7.0  Microstructural  Analysis 


Considerable  progress  has  been  made  in  this  phase  on  our  ability  to  critically 
assess  grown  diamond  crystals  from  a  microstructural  suitability  point  of  view.  First,  an 
ion  mill  was  purchased  using  RTI  capital  equipment  funds  to  facilitate  diamond  TEM 
sample  preparation.  This  unit  is  installed  and  operational.  Second,  we  have  benefited 
from  fruitful  collaborations  with  other  laboratories  on  the  analysis  of  our  diamond  thin 
films.  These  collaborations  include:  Dr.  T.  George,  et.al.  (see  manuscript  below)  at  Jet 
Propulsion  Laboratory,  Dr.  Roger  Graham  (spatially  resolved  CL:  TEM-based)  at 
Arizona  State  University,  and  Dr.  Gene  Fitzgerald  (spatially  resolved  CL;  SEM-based)  at 
AT&T  Bell  Laboratory.  Thirdly,  we  have  developed  a  means  to  rapidly  assess  defect 
densities  in  diamond  single  crystals  using  an  open  flame  (see  Section  7.2).  This 
technique  appears  extendible  to  polycrystalline  diamond  as  well. 

7.1  Collaboration  with  JPL  on  TEM  Studies  of  Diamond 

Attached  below  is  a  jointly  authored  manuscript  that  describes  a  method  to  more 
quickly  prepare  plan- views  TEM  sample  from  bulk  diamond.  It  is  intended  that  this 
technique  be  used  in  the  next  phase  of  the  program  to  critically  examine  diamond 
homoepitaxial  films  -  overgrown  (tiled)  and  otherwise. 
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ABSTRACT 

A  248nm  excimer  laser  was  used  to  thin  naturally  occurring  type  la  diamond 
substrates  at  normal  and  glancing  (22**)  incidence.  Perforation  of  a  250|im  thick  substrate 
was  achieved  in  about  15  minutes  at  normal  incidence.  Whilst  the  substrate  thinned  at 
glancing  incidence  was  found  to  have  large  electron-transparent  areas,  that  thinned  at 
normal  incidence  required  additional  at  goo  ion  milling  to  achieve  electron  transparency.  X- 
ray  photoeiectron  spectroscopy  of  the  back  surface  of  the  diamond  failed  to  detect  any 
graphite  or  glassy  carbon,  confirming  that  damage  due  to  laser  ablation  occurs  only  at  the 
incident  surface.  Samples  prepared  using  this  technique  imaged  in  the  transmission  electron 
microscope  were  observed  to  have  retained  the  nitrogen  platelets  characteristic  of  such  type 
la  diamonds. 
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Recently,  interest  in  diamond  as  a  bulk  substrate  and  as  a  coating  material  has 
grown,  for  a  variety  of  applications.  l  Transmission  electron  microscopy  (TEM),  both  in 
the  conventional  and  analytical  modes,  will  continue  to  be  an  important  technique  for  the 
characterization  of  diamond  based  materials.  However,  the  main  barrier  to  the  widespread 
use  of  TEM  as  a  characterization  tool  is  the  lack  of  a  suitable  technique  to  produce  electron 
transparent  thin  foils  in  a  controlled  and  timely  manner.  Natural  diamond  is  the  hardest 
substance  known  and  consequentiy  thinning  of  diamond  has  been  a  centuries-old  problem, 
particularly  among  manufacturers  of  diamond  jewelry.  Traditionally  the  grinding  and 
polishing  of  diamond  is  achieved  with  diamond-based  abrasives  and  is  a  time  consuming 
process.  Alternatively,  argon  ion  milling^,  oxidation^  in  a  furnace,  and  laser  ablation”*  have 
been  used  as  means  of  obtaining  electron-transparent  specimens.  The  furnace  oxidation 
approach  suffers  from  a  lack  of  controllability  in  the  desired  area  for  TEM  examination  and 
possible  surface  structural  modification,  making  the  technique  unsuitable  for  producing 
TEM  specimens  from  homoepitaxial  samples.  Argon  ion  milling  is  a  time-consuming 
process  with  a  very  low  sputter  rate  of  approximately  Ipm/hr^.  Laser  ablation  has  been 
attempted  previously  although  only  using  radiation  above  the  band  gap  (193nm)^.  This 
letter  describes  the  results  of  an  in-depth  study  of  the  laser  ablation  approach  using  below 
band-gap  laser  radiation  with  a  view  towards  its  applicability  in  producing  TEM  specimens 
from  homoepitaxial  samples  without  significantly  damaging  the  epitaxial  layers.  The  use  of 
below  band-gap  laser  radiation  confrnes  most  of  the  energy  of  the  laser  pulse  in  the  surface 
carbon  layer  formed  during  ablation  and  minimizes  the  absorption  and  consequent 
structural  damage  in  the  bulk  of  the  diamond. 

In  this  work,  2mm  x  2mm  x  0.2Smm,  (100)  oriented,  type  la  natural  diamond 
substrates  were  used.  The  substrates  were  mounted  in  a  copper  holder  in  the  as-received 
condition  without  the  use  of  optically  absorbent  coatings.  Thinning  was  performed  in  air, 
using  an  excimer  laser  ((^estek  2960)  operated  at  248  nm  (KrF),  at  a  pulse  rate  of  5Hz  and 
with  an  output  energy  of  600mJ,  at  normal  and  glancing  (22**)  incidence.  Although  the 
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band-gap  of  natural  diamond  is  around  S.48eV  (226nm),  a  high  concentration  of  nitrogen 
impurides  in  type  la  diamond  lowers  the  uv  absorption  edge  to  340nm.^  The  laser  output 
was  first  reduced  in  size  by  passing  the  beam  through  a  3mm  diameter  apertdre:  the 
remaining  15mJ  was  focused  on  to  the  diamond  substrate  using  a  30  cm  focal-length  fused- 
quartz  lens.  The  substrate  was  placed  near  the  focal  point  of  the  lens  to  produce  an  laser 
spot  of  approximately  300x500|im  at  normal  incidence.  The  fluence  at  the  center  of  this 
spot  is  estimated  to  be  20  J/cm^. 

Following  laser  thinning  the  resultant  surface  morphology  was  studied  using 
scanning  electron  microscopy  (SEM).  TEM  observations  were  conducted  at  200kV.  The 
diamond  substrate  thinned  at  glancing  incidence  could  be  imaged  directly.  However,  the 
substrate  thinned  at  normal  incidence  required  the  removal  of  the  layer  formed  on  the 
ablated  surface  of  graphitic  and  amorphous  carbon  by  argon  ion  milling  at  5kV  and  0.5mA 
for  electron  transparency.  X-ray  photoelectron  spectroscopy  (XPS)  data  were  taken  with  a 
Surface  Science  Instruments  SSXlOO-501  spectrometer  using  monochromatic  A1  Ka  x- 
rays  (1486.6  eV)  with  a  beam  of  (Uameter  ISOpm  or  300ixm .  Prior  to  XPS  measurements, 
the  diamond  samples  were  degreased  in  hot  trichloroethylene,  acetone  and  methanol  to 
minimize  surface  organic  contaminants.  The  effects  of  sample  charging  during  XPS  data 
accumulation  were  minimized  with  the  use  of  a  low  energy  electron  flood  gun. 

Low-magnification  SEM  micrographs  of  the  the  laser-thinned  diamond  substrates 
are  shown  in  figure  1.  The  laser-exposed  surfaces  on  both  substrates  are  rough  whereas  the 
unexposed  back  surfaces  retain  their  original  surface  polish.  It  was  foiind  that  an  absorbent 
coating  was  not  necessary  to  initiate  the  laser-thinning  process.  A  black  surface  layer, 
presumably  a  mixture  of  graphitic  and  amoiphous  carbon,  forms  very  soon  in  the  ablation 
process.  This  layer  is  consistent  with  the  results  from  earlier  furnace-oxidation  studies  of 
diamond  which  have  shown  the  formation  of  a  surface  carbon  (non-diamond)  layer.^  These 
studies  determined  that  above  850**C  a  carbon  (non-diamond)  layer  appeared  on  the  (100) 
surface  of  the  diamond.  The  formation  of  a  surface  carbon  layer  would  reduce  the 
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absorption  depth  of  the  laser  radiation  significantly  and  also  have  a  lower  thermal 
diffusivity  than  the  underlying  diamond,  leading  to  localization  of  the  laser  pulse  energy 
within  the  surface  layer.'* Rothschild  et.  al.^  have  proposed  that  thinning  m  such 
circumstances  involves  a  sustained  process  of  conversion  of  diamond  to  a 
graphite/amorphous  carbon  layer  followed  by  evaporation  or  reaction  of  this  layer  with  the 
ambient.  However,  unlike  their  etching  method  which  used  above  band-gap  193nm  laser 
radiation,  this  work  uses  a  laser  energy  below  the  band  gap  of  the  diamond,  with  the  bulk 
of  the  pulse  energy  being  absorbed  in  the  surface  carbon  layer  thus  minimizing  absoipdon 
in  the  interior  of  the  diamond.  Although  an  optically  absorbent  coating  was  not  used  in  the 
present  study  to  initiate  the  thinning,  such  a  coating  could  potentially  be  used  with  lasers 
having  wavelengths  in  the  optical  trasmission  regime  for  diamond  but  within  the  absorption 
range  for  graphite  or  glassy  carbon.  The  only  requirement  would  be  that  the  lasers  have 
sufficiently  high  energy  densities  for  sustaining  the  ablation  process. 

For  the  laser-thinning  technique  to  be  utilized  in  future  TEM  studies  of 
homoepitaxial  diamond  layers,  it  is  necessary  to  demonstrate  that  there  is  negligible  damage 
in  the  form  of  graphitization  to  the  back  surface  of  the  substrate.  The  presence  of  a  surface 
graphite/amorphous  carbon  layer  can  be  detected  using  XPS.  Although  both  diamond  and 
graphite  contain  only  carbon  and  have  C  Is  core  level  XPS  peaks  at  the  same  binding 
energy  of  284.3  eV,  the  C  Is  signals  for  these  materials  are  distinguishable  by  their 
lineshapes  and  characteristic  energy  losses.  Diamond  is  an  insulator  with  a  C  Is  signal 
which  is  symmetric,  while  graphite  is  a  semimetal  whose  C  Is  signal  exhibits  a  pronounced 
asymmetry  on  the  high  binding  energy  side  and  a  characteristic  energy  loss  peak  at  291  eV 
which  is  absent  in  the  signal  from  diamond.^*^  Glassy  carbon  also  exhibits  spectral 
characteristics  similar  to  those  of  graphite.^  The  diamond  substrate  laser-th'nned  at  a 
glancing  angle  was  selected  for  the  XPS  study.  The  C  Is  signals  from  the  samples 
measured  in  this  work,  including  a  virgin  diamond  crystal,  consist  of  a  single  main  peak 
with  shoulders  at  both  low  and  high  binding  energy.  The  only  significant  contaminant  is  O, 
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which  is  present  at  a  level  of  ~0.5  - 1  monolayer  assuming  surface  localization.  Surface  C- 
O  or  C-OH  bonding  may  account  for  the  high  binding  energy  shoulder  on  the  main  C  Is 
peak.  Alternatively,  the  C  Is  lineshape  may  indicate  some  differential  charging  of  the 
sample  surface.  However,  the  291  eV  energy  loss  peak  characteristic  of  graphite  or  glassy 
carbon  was  not  observed,  even  near  the  spot  where  the  laser  had  ablated  completely 
through  the  sample.  This  result  demonstrates  that  laser-induced  heating  does  not  damage 
the  back  surface  of  the  diamond  substrate  in  these  experiments. 

Figure  2  shows  a  TEM  micrograph  of  a  diamond  substrate  thinned  at  glancing 
incidence.  This  specimen  contains  large  electron-transparent  regions  which  exhibit 
thickness  fringes.  The  substrate  thinned  at  normal  incidence  however,  required  argon  ion¬ 
milling  at  12°  for  an  hour  following  laser  ablation  to  achieve  electron  transparency.  Also, 
very  small  areas  were  available  for  observation  as  compared  to  the  sample  thinned  at 
glancing  angle,  due  the  presence  of  steep  sidewalls  surrounding  the  perforated  region.  The 
presence  of  graphidc  and  amorphous  carbon  on  the  ablated  surface  of  the  diannond  thinned 
at  normal  incidence  was  determined  via  electron  diffraction.  It  was  found  that  the  graphitic 
and  amorphous  carbon  layer  could  be  removed  by  extended  ion-milling.  Figure  3  contains 
a  diffraction  pattern  obtained  from  a  <l2ll>  oriented  graphite  particle  found  on  the 
diamond  substrate  laser-thinned  at  normal  incidence.  Figure  4  contains  a  high  magnificanon 
electron  micrograph  showing  the  presence  of  nitrogen  platelets  lying  on  { 100)  planes  in  the 
diamond  thinned  at  normal  incidence,  which  is  characterisdc  of  type  la  natural  diamond. 
These  results  provide  ample  evidence  for  the  viability  of  laser  ablation  as  a  TEM  specimen 
preparation  process. 

In  summary,  a  novel  technique  for  the  rapid  thinning  of  diamond  using  below 
band-gap  laser  radiation  is  described.  An  optically  absorbent  surface  carbon  layer  is  formed 
during  irradiation  which  then  sustains  the  ablation  process.  XPS  measurements  were  not 
able  to  detect  damage  in  the  form  of  graphitic/amorphous  carbon  formation  on  the 
unexposed  side  of  the  diamond  substrate. 
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Fig.l  Low  magnification  scanning  electron  micrographs  of  diamond  substrates  thinned  at 
(a)  normal  incidence  and  (b)  glancing  incidence  (the  sample  has  cleaved  in  half, 
arrows  points  to  the  groove  ablated  by  the  laser). 

Fig.  2  Transmission  electron  micrograph  of  a  diamond  substrate  laser-thinned  at  glancing 
incidence  showing  electron-transparent  areas  exhibiting  thickness  fringes. 

Fig.  3  (a)  <I2I1>  diffraction  pattern  obtained  from  a  graphite  particle  present  on  a 
diamond  substrate  laser-thinned  at  normal  incidence,  (b)  Hexagonal  indices 
assigned  to  the  diffraction  spots. 

Fig.  4  { 100)  oriented  nitrogen  platelets  characteristic  of  type  la  diamond  found  in  the 
substrate  laser-thinned  at  normal  incidence. 
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12  Etch  Delineation  of  Defects 


Attached  below  is  a  manuscript  describing  the  technique  used  to  etch  -  delineate 
defects  using  an  oxidizing  flame.  Corroboration  with  TEM  is  included.  Again,  we 
anticipate  using  these  methods  to  critically  assess  defect  densities  in  homoepitaxial 
diamond  films  in  the  next  phase  of  the  program. 
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ETCH-DELINEATION  OF  DEFECTS  IN  DIAMOND 
BY  EXPOSURE  TO  AN  OXIDIZING  FLAME 


D.P.  Malta,  J.B.  Postliill.  R.A.  RutMi-r.  Ci.C.  Hudson  and  R.J.  Markunas 


Research  Triangle  Institute 

Research  Triangle  Park.  North  C  arolina  27709-2194 


.ABSTRACT 

An  experimental  study  of  the  the  etching  properties  of  defects  in  diamond  using  pro¬ 
pane  flame  exposure  in  air  is  presented.  Both  natural  diamond  crystals  and  polycry¬ 
stalline  diamond  films  were  exposed  to  a  flame  for  an  optimum  time  of  3-4  seconds. 
This  process  topographically  delineates  defects  in  diamond  via  an  accelerated  etch  rate 
at  defect  sites.  Using  transmission  electron  microscopy  (TE.M)  to  determine  the  exact 
nature  and  density  of  defects  present  in  the  diamond,  we  have  found  a  direct  correla¬ 
tion  between  topographical  delineation  observed  by  scanning  electron  microscopy 
(SEM)  and  the  defect  structure  observed  by  TEM. 
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Diamolul  has  several  pn')perties  which  make  it  desirable  for  electronic  applica- 
ti(ms*.  roreinost  i'^  diamond's  high  thermal  conductivity  (~2()(X)  W  m  'K“')  and  wide 
band  gap  (6.-l8e\').  However,  before  the  impressive  attributes  of  diamond  can  be  fidly 
exploited  for  electronic  device  purposes,  several  manufacturing  technologies  must  be 
developed.  Fii-st  among  these  is  the  growth  of  electronic-quality  diamond  thin  films  of 
high  microstructural  perfection.  Considerable  world-wide  effort  has  gone  into  develop¬ 
ing  chemical  vapor  deposition  (CAT))  techniques  for  growing  high  quality  diamond*'* 
and  considerable  progress  has  been  made.  And,  by  analogy  with  the  historical 
development  of  other  semiconductor  materials,  techniques  are  evolving  to  accurately 
determine  the  crystalline  quality  of  grown  diamond.  For  example,  Raman  spectroscopy 
has  been  used  extensively  to  ascertain  the  presence  of  unwanted  sp’  bonding  in  dia¬ 
mond  films®  *■*.  In  other  semiconductor  material  technologies,  wet  chemical  etch  del- 
ineation  is  used  to  ascertain  defects  at  the  per  cm^*  level.  But  this  technique  is  lack¬ 
ing  in  diamond  technology,  as  diamond  is  virtually  impervious  to  standard  wet  chemi¬ 
cal  etchants.  This  communication  describes  a  defect  delineation  method  for  diamond, 
which  involves  anisotropic  defect  etching  using  a  propane  torch. 

Previous  etching  studies  on  diamond  have  been  undertaken  to  investigate  feasibil¬ 
ity  of  patterning’,  to  determine  etch  removal  rates®”**  to  identify  the  role  of  non¬ 
diamond  phase  removal  during  the  growth  process®  and  to  assess  crystalline  quality 
through  preferential  etching  of  defects®  **,  to  name  a  few.  Several  methods  which  have 


proven  Miccessful  in  etching  both  diamond  and  non-diamonti  phases  have  employed 
I'oth  (a)  an  oxygen-containing  gas  and  (b)  an  activation  incdiani-'m.  Etching  under 
those  conditions  is  generally  believed  to  occur  via  the  oxidation  and  volatilization  of 
the  carbon  phase{s).  It  has  been  suggested  that  etching  of  diamond  proceeds  through 
graphitizalion  followed  by  oxidation  of  the  graphitic  phase^.  Several  observations 
regarding  etch  rates  have  been  made:  (1)  non-diatnoiul  phases  etch  faster  than  dia¬ 
mond^  (2)  natural  diamond  etches  faster  than  plasma-enhanced  chemical  vapor 
deposition  (PECVT))-grown  diamond®'^  and  (3)  diamond  etches  faster  at  grain  boun¬ 
daries  and  other  defects  than  non-defective  regions®^ Oxidation/etching  experi¬ 
ments  recently  reported  have  employed  either  a  temperature— activated®®'**  or 
plasma— activated®  ‘•*"  process  using  air  or  oxygen-containing  gas  mixtures.  VV^e  have 
achieved  temperature-activated  etching  of  diamond  using  only  a  short  exposure  to  an 
oxidizing  flame.  Our  results  indicate  that  accurate,  reproducible  etch-delineation  of 
defects  is  possible  with  minimal  investment.  These  results  have  been  correlated  with 
TEM  analysis. 

A  continuous  polycrystalline  fdm  was  grown  at  350 ’C  by  low  pressure  rf- 
induction  PECVT)  on  Sl(lOO)  using  an  acetic  acid/water/methanol  mixture  at  0.5  Torr 
and  3-50 'C,  similar  to  results  described  elsewhere®.  For  comparison,  a  natural  type  lib 
semiconducting  diamond  stone  sectioned  into  thin  (lOO/rm)  wafers  with  (100)  orienta¬ 
tion  was  obtained  from  a  commercial  vendor.  Both  sample  types  were  examfned  by 


TEN!  in  order  to  asses;?  crystalline  quality.  TEM  samples  were  prepared  by  ion  milling. 
Each  sample  type  was  immersed  in  a  propane  flame  for  various  lengtlus  of  time  and 
then  topographically  examined  by  Held-emission  scanning  electron  micros((jpy 
(FESEM). 

Plan-view  TEM  of  the  polycrystalline  diamond  Film  revealed  a  high  degree  of 
microtwinning  within  the  grains  (Fig.  la),  .\fter  immersion  of  the  sample  in  the  flame 
for  an  optimum  time  of  3-4  seconds  (Fig.  lb),  the  microtwin  boundaries  were  clearly 
delineated  as  were  grain  boundaries  which  were  attacked  more  vigorously  (arrow). 

TEM  analysis  of  the  type  Ilb  natural  diamond  over  relatively  large  areas  found 
only  line  defects  with  an  area  density  of  ~10®cm~“  (Fig.  2a).  Immersion  of  the  dia¬ 
mond  in  the  flame  for  an  optimum  time  of  3-4  seconds  produced  roughly  square  etch 
pits  with  an  equivalent  area  density  of  ~10®cm"“  (Fig.  2b).  Note  that  after  this  expo¬ 
sure  the  remnants  of  the  unidirectional  scratches  left  over  from  the  commercial  polish¬ 
ing  process  are  still  evident.  Shorter  exposure  times  resulted  in  fewer,  smaller  pits; 
longer  exposure  resulted  in  larger  (but  few  additional)  pits  and  a  roughened  surface  no 
longer  showing  scratches. 

The  results  are  consistent  with  those  obtained  by  furnace  annealing  in  an  oxygen 
atmosphere  at  700"C-800’C  for  several  hours®  and  by  air  microwave  plasma  etching 
for  15-30  minutes**.  In  this  work,  the  accelerated  etch  rate  obtained  through  flame 


expo-sine  pnxhn-i-ii  verilieil  topographical  defect  delineation  requiring  only  several 
seetjnds  at  in'-Alislhi'’  cost.  The  value  of  this  method  for  routine  and  rapid  evaluation 
of  iliainond  i^-  c onsiderahle.  Future  research  will  extend  this  techtiiqiie  to  homuepiiax' 
iai  diatnomi  niins  growti  hy  PECVD. 

Acknotrlcdfieincnls:  The  authors  gratefully  acknowledge  the  support  of  this  work 
by  the  Strategic  Defense  Initiative  Organization/Innovative  Science  and  Technology 
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thank  Tami  Myers  for  technical  assistance. 
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FIGURE  1:  Microscopic  images  of  PI/ A'l )-grovvn  polycryslalline  diamond;  (a) 
plan-vifu  shows  very  hi-:.li  •h  nsity  of  microtwins  and.  (bjl'ESE.M 

image  of  sample  after  exposure  to  an  oxidizing  flame  which  shows  del¬ 
ineated  microtwill  honmlaries  (parallel  grooves)  and  grain  boundary 
(arrow). 


FIGURE  2:  (a)  Plan-view  TEM  of  natural  type  Ilb  diamond  shows  dislocations. 

Exaniinat'jn  of  large  areas  found  that  dislocations  tended  to  cluster 
and  overall  density  was  ~lO®cm"-.  (b)  etch  pits  in  natural  type  Ilb 
diamond  formed  at  dislocation  sites  upon  exposure  to  an  oxidizing 
flame.  Density  measured  over  large  areas  was  averaged  to  be 
~10®cm"*.  Both  results  were  obtained  from  the  exact  same  crystal: 
the  etching  work  was  followed  by  ion  milling  the  100//m  thick  wafer 


from  both  sides  to  electron  transparency. 


Plan-View  TEM  and  SEM  of  Diamond  Grown  on  Silicon 

2:2:1  Acetic  Acid:Water:  Methanol 
P  =  1  Torn  T  =  600  °C;  Power  (rf)  =  1  kW 

Photo  on  right;  Oxidizing  Flame  Exposure  for  3  sec. 


TEM  SEM  after  oxidizing 

name  exposure  for  3  sec. 


8.0  Atomic  Force  Microscopy 

(Dr.  R  J.  Nemanich,  Dr.  T.P.  Humphreys,  NCSU) 

This  section  summarizes  the  current  research  achievements  and  the  present 
collaborative  experiments  that  have  been  performed  during  the  past  6  months  by  Robert 
J.  Nemanich  and  Trevor  P.  Humphreys  of  the  Department  of  Physics  at  North  Carolina 
State  University.  The  main  research  topics  include  Raman  Spectroscopy,  silicide  growth 
and  surface  structural  analysis  of  chemically  prepared  diamond  surfaces  using  STM  and 
AFM. 

8.1  Raman  Spectroscopy  (Phase  identification  and  defect  structure) 

To  date,  Raman  spectroscopy  analysis  has  been  routinely  employed  to  examine 
numerous  thin  film  diamond  structures  grown  at  RTI.  In  particular,  these  studies  have 
included  an  investigation  of  various  polycrystalline  and  homoepitaxial  diamond  films.  In 
addition,  diamond  overgrowth  studies  pertaining  to  RTI's  tiling  process  are  currently 
under  investigation.  More  specifically,  we  compare  the  crystalline  quality  and  defect 
structure  of  the  diamond  overgrowth  regions  with  those  films  deposited  directly  on  the 
diamond  platelets.  The  Raman  analysis  has  recently  been  expanded  to  include  more 
complete  defect  analysis,  strain  and  epitaxial  alignment. 


8.2  Silicide  Growth  and  Characterization 

Several  nickel  silicide  films  have  been  grown  at  NCSU  using  electron  beam 
evaporation  and  these  samples  have  been  used  as  substrate  "templates"  in  an  attempt  to 
grow  heteroepitaxial  diamond  films.  We  have  previously  explored  the  growth  of 
epitaxial  Ni-diamond  structures.  The  Ni-silicide  films  may  exhibit  an  improved  chemical 
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stability  for  CVD  diamond  growth.  Corresponding  epitaxial  silicide  films  have  been 
also  been  fabricated  in  collaboration  with  Dr.  John  Posthill  and  David  Malta  at  RTI.  The 
crystallographic  phase  of  these  films  have  been  characterized  by  Raman  spectroscopy. 


8.3  Surface  Structural  Analysis  of  Single  Crystal  C(OOl)  Substrates  and  Films 

Currently  in  progress  is  a  study  to  explore  the  surface  and  electronic  structures  of 
single  crystal  diamond  C(OOl)  substrates  and  homoepitaxial  films.  This  work  is 
performed  in  collaboration  with  Dr.  Ray  Thomas  and  has  been  initiated  in  an  attempt  to 
obtain  a  fundamental  understanding  of  the  mechanism  that  promotes  the  2x1  surface 
reconstruction  following  a  high-temperature  ultra-high  vacuum  anneal  of  the  C(OOl) 
surface.  To  date,  thermal  annealing  studies  have  been  performed  both  at  RTI  and  NCSU 
on  various  polished  and  chemically  cleaned  C(001)  substrates.  In  particular,  low  energy 
electron  diffraction  (LEED),  angle-resolved,  ultra-violet  photoelectron  spectroscopy 
(ARUPS)  and  ex-situ  scanning  tunneling  microscopy  (STM)  techniques  are  currently 
employed  to  characterize  the  diamond  surface.  Present  annealing  studies  at  1 100°C  of 
the  natural  semiconducting  (p-type)  C(OOl)  surfaces  have  failed  to  obtain  the  2x1 
hydrogen  terminated  surface  structure.  Indeed,  it  has  been  suggested  that  the  bulk  1x1 
LEED  pattern  which  is  observed  as  a  consequence  of  oxygen  termination  of  the  C(001) 
surface  results  from  wet  chemical  cleaning.  Moreover,  it  has  also  been  proposed  that 
atomic  imaging  of  the  hydrogenated  C(OOl)  surface  may  also  be  possible  using  ex-situ 
STM.  In  an  attempt  to  investigate  this  behavior,  atomic  hydrogen  gas  dosing 
experiments  performed  at  RTI  and  corresponding  STM  measurements  conducted  at 
NCSU  are  currently  in  progress. 


36 


In  November  1992  we  received  from  Park  Scientific  Instruments  an  UHV-STM 
head.  At  present,  we  are  modifying  the  existing  chamber  design  of  our  vacuum 
chamber  to  accommodate  the  STM  scanner.  TTiis  new  capability  which  we  plan  to  have 
operational  by  March  1993  will  enable  in-situ  atomic  scale  probing  of  the  diamond 
surface.  In  addition,  the  corresponding  scanning  tunneling  spectroscopy  (STS)  technique 
will  enable  a  correlation  with  the  local  density  of  electronic  states  on  the  surface. 
Consequently,  present  experiments  that  are  now  performed  under  ambient  conditions  will 
be  repeated  in  UHV. 


8.4  Atomic  Force  Microscopy  of  Insulating  Diamond  Films 

Recently  acquired  and  operational  is  an  ambient  atomic  force  microscopy  system 
(AFM)  which  will  enable  structural  imaging  of  as-grown  (undoped)  diamond  films  and 
structures.  Shown  in  Fig.  1  is  an  AFM  image  of  the  surface  a  single  crystal  C(OOl) 
diamond  substrate.  The  fine  unidirectional  lines  in  this  image  are  characteristic  of 
scratches  on  the  as-polished  substrate.  It  is  interesting  to  note  that  although  the  diamond 
crystal  was  semiconducting  (type  Ilb)  it  was  too  resistive  to  be  probed  by  STM.  The 
current  application  of  the  AFM  is  to  explore  the  nucleadon  and  growth  of  diamond  in  the 
tiling  process  developed  at  RTI. 
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I 

Fig.  8. 1  AFM  image  of  the  surface  of  a  C(00 1 )  diamond  substrate.  The  M 

unidirectional  lines  are  indicative  of  scratches  which  have  resulted  I 

from  polishing  damage  (peak  to  peak  depth  is  ~  25). 

I 
I 
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8.5  Future  Studies 


Implement  studies  pertaining  to  AFM  characterization  of  diamond  substrates  that 
are  to  be  used  as  platelets  in  the  RTI  tiling  process.  Here,  we  anticipate  that  it  will  be 
possible  to  characterize  a  substantial  number  (if  not  all)  of  the  initial  diamond  substrates. 
Subsequent  investigation  of  diamond  nucleation  and  growth  on  platelets  and  diamond 
overgrowth  regions.  Of  particular  interest  will  be  the  effect  of  surface  morphology  on 
the  overgrowth  process.  Corresponding  defect  delineation  and  mapping  using  AFM  of 
diamond  single  crystals  following  oxygen  torch  exposure  will  also  be  implemented.  In- 
situ  UHV  STM  and  related  STS  atomic  imaging  of  single  crystal  diamond  substrates 
whose  surfaces  have  been  exposed  to  various  processing  gases.  Integration  of  the  UHV 
STM  into  the  multi-chamber  growth/characterization  system  at  NCSU.  This  will  allow 
structural  and  electronic  analysis  of  plasma  exposed  diamond  surfaces. 
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Ab  initio  valence  orbital  configuration  interaction  calculations  are  used  to  study  the  energy  effect  of  Na,  H  and  C  atom 
subsurface  species  on  CH3  chemisorption  at  a  hollow  3-fold  site  on  Ni(lll).  The  lattice  is  modeled  as  an  embedded  three  layer 
cluster  of  41  atoms.  Ni3d  orbitals  are  explicitly  included  on  seven  nickel  atoms  on  the  surface.  The  calculated  chemisorption 
energies  of  pyramidal  CH3  on  Ni(lll)  are  38  for  the  clean  surface  and  SO,  47,  and  17  kcal/mol  for  the  Na,  H,  and  C  implants, 
respectively.  The  energies  required  to  distort  tetrahedral  CHj  into  a  planar  structure  are  22  kcal/mol  on  clean  NKIIl),  30 
kcal/mol  with  the  Na  implant,  24  kcal/mol  with  the  H  implant,  and  12  kcal/mol  with  the  C  implant,  respectively.  Thus,  Na  below 
the  surface  may  stabilize  a  carbon  overlayer  to  a  tetrahedral  diamond  structure.  CH  3-surface  distances,  C-H  stretching  and 
surface-CH  3  vibrational  frequencies  are  also  reported. 


1.  Introduction 

In  the  past  decade,  diamond  Him  growth  has 
received  a  great  deal  of  attention  not  only  due  to 
the  pure  scientific  interest  in  the  low  pressure 
formation  of  metastable  diamond  but  also  due  to 
the  many  practical  applications  that  exist  for  dia¬ 
mond  films  [1-9],  Despite  the  progress  that  has 
been  made  in  developing  a  variety  of  techniques 
for  diamond  film  formation,  understanding  the 
mechanisms  for  diamond  formation  is  still  a  sub¬ 
ject  of  current  debate.  (Continued  progress  in 
diamond  film  technology  will  depend  in  particu¬ 
lar  on  developing  a  better  understanding  of  dia¬ 
mond  heteronucleation  and  correspondingly  het¬ 
eroepitaxy.  Heteroepitaxial  growth  of  diamond 
on  c-BN  has  been  successful,  but  the  availability 
of  c-BN  limits  the  utility  of  this  technology.  Epi¬ 
taxial  growth  on  other  closely  lattice  matched 
materials  such  as  Ni,  Cu,  or  Co  have  had  only 
limited  success.  The  formation  of  aligned  dia¬ 
mond  crystals  in  a  small  local  area  has  been 
reported  for  diamond  growth  on  Ni  [10].  One 


difficulty  in  diamond  heteroepitaxy  is  the  poor 
chemical  bonding  between  adsorbate  and  sub¬ 
strate.  During  heteronucleation,  adsorbate  species 
such  as  methyls  are  receiving  substantial  fluxes  of 
atomic  H.  Under  this  high  flux,  carbon  adsor¬ 
bates  on  the  surface  are  gasified,  defeating  dia¬ 
mond  nucleation.  As  a  result,  diamond  nucle- 
ation  and  growth  is  sporadic  and  highly  three-di¬ 
mensional. 

In  the  present  studies,  ab  initio  cluster  model 
calculations  are  used  to  investigate  the  energy 
effect  of  subsurface  interstitials  such  as  Na,  H, 
and  C  on  the  bonding  of  a  CH3  radical  to  a 
hollow  3-fold  site  on  NHlll).  The  calculated  re¬ 
sults  show  that  the  presence  of  electropositive 
subsurface  species  in  Ni  dramatically  increase  the 
bond  strength  between  a  CH3  radical  and  the  Ni 
surface.  Correspondingly,  electronegative  subsur¬ 
face  species  such  as  C  dramatically  weaken  a 
CH3-Ni  surface  bond.  In  addition,  the  energy 
required  to  planarize  a  tetrahedral  CH3  on 
Ni(lll)  increases  when  electropositive  species  re¬ 
side  interstitially  below  the  Ni  surface. 
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Calculations  are  performed  in  the  context  of  a 
many-electron  embedding  theory  that  permits  the 
accurate  computation  of  molecule-solid  surface 
interactions  at  an  ab  initio  configuration  interac¬ 
tion  level.  The  CHj  and  local  surface  region  are 
treated  as  embedded  in  a  lattice  electron  distri¬ 
bution  which  is  modeled  as  a  41 -atom,  three  layer 
cluster. 

The  objective  of  the  present  paper  is  to  calcu¬ 
late  the  adsorption  energy  of  CHj  on  Ni(lll) 
with  subsurface  Na,  H,  and  C  implants  and  then 
to  calculate  the  energy  required  to  distort  the 
tetrahedral  CH3  into  a  planar  structure  on  the 
surface. 


2.  The  theory  and  calculations 

The  purpose  of  the  embedding  theory  em¬ 
ployed  in  this  work  is  to  treat  adsorbed  species 
and  a  surface  region  of  the  metal  with  sufficient 
accuracy  to  describe  reaction  energetics,  while  at 
the  same  time  maintaining  a  proper  coupling  of 
the  surface  region  to  the  bulk  (11-13J.  The  pre¬ 
sent  approach  most  closely  resembles  that  in  refs. 
[14,15],  where  the  details  of  the  method  are  dis¬ 
cussed.  Calculations  are  performed  by  first  ob¬ 
taining  self-consistent-field  (SCF)  solutions  for 
the  nickel  cluster  plus  adsorbed  species.  The  oc¬ 
cupied  and  virtual  orbitals  of  the  SCF  solution 
are  then  transformed  separately  to  obtain  orbitals 
spatially  located  about  all  the  atoms  of  the  cluster 
except  those  in  the  seven-atom  surface  region 
shown  in  fig.  1.  This  unitary  transformation  of 
orbitals  is  based  upon  exchange  maximization 
with  the  valence  orbitals  of  atoms  outside  the 
surface  region  and  is  designed  to  enhance  conver¬ 
gence  of  the  configuration  interaction  (Cl)  expan¬ 
sion  [11-13]. 

The  Cl  calculations  involve  single  and  double 
excitations  from  multiple  parent  configurations 
within  a  28  or  29-electron  subspace  to  28  possible 
localized  virtual  orbitals.  All  configurations  aris¬ 
ing  from  excitations  with  an  interaction  energy 
greater  than  1  x  10"*  hartree  with  the  parent 
SCF  configuration  are  explicitly  retained  in  the 
expansion;  contributions  of  excluded  configura¬ 
tions  are  estimated  using  second  order  perturba- 


surface  layer  second  layer  third  layer 


y 

t  valence  orbitals: 


surface  layer  local  region 

Fig.  I.  Ouster  geometry  and  local  region  of  the  nickel  cluster 
used  to  model  the  (1 1 1)  ciystal  face  of  nickel.  The  three  layer, 
88-atom  cluster,  consists  of  a  surface  layer  of  37  atoms,  a 
second  layer  of  30  atoms  and  a  third  layer  of  21  atoms. 
Embedding  theory  is  used  to  reduce  the  Nigg  cluster  to  a  41 
atom  model  depicted  as  shaded  atoms.  Atoms  sunounding 
the  seven  local  region  atoms  in  the  surface  layer  and  those 
surrounding  the  four  central  atoms  in  the  second  layer  are 
described  by  effective  potentials  for  (Is)^  •  ■  •  (3p)‘’(3d)'’(4s)'^- 
and  (Is)^  •  ■  •  (3p)‘’(3e)’(4s)^'''°  configurations,  respectively. 
Effective  potentials  for  the  shaded  atoms  in  the  third  layer 
describe  the  (Is)^  •  ■  •  (3p)‘(3d)’(4s)’''^  configuration.  Un¬ 
shaded  atoms  have  neutral  atom  (ls-3p  coreX3d)’(4s)'  po¬ 
tentials.  All  atoms  have  Phillips-Kleinman  projectors 
lor  the  fixed  electronic  distribution.  The 
nearest  neighbor  Ni-Ni  distance  is  2.48  A. 


lion  theory.  For  all  geometries  calculated,  the 
SCF  solution  is  the  dominant  configuration.  Con¬ 
figurations  with  coefficients  >  O.OS  are  included 
as  parent  configurations.  Details  of  the  procedure 
are  given  in  ref.  [16].  Basis  superposition  contri¬ 
butions  to  the  total  energy  were  taken  into  ac¬ 
count  by  calculating  the  energy  of  the  Ni  cluster 
with  the  adsorbed  species’  virtual  basis  present 
(but  not  the  adsorbate  nuclei). 

The  cluster  geometry  and  local  region  of  the 
nickel  cluster  used  to  model  the  (111)  crystal  face 
of  nickel  are  shown  in  fig.  1.  The  three  layer, 
88-atom  cluster,  consists  of  a  surface  layer  of  37 
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atoms,  a  second  layer  of  30  atoms  and  a  third 
layer  of  21  atoms.  Embedding  theory  is  used  to 
reduce  the  Ni^g  cluster  to  the  41 -atom  model 
depicted  as  shaded  atoms:  the  surface  layer  of  19 
atoms,  a  second  layer  of  14  atoms,  and  a  third 
layer  of  8  atoms.  For  the  seven-nickel-atom  local 
surface  region,  a  [ls-3p]  core  potential  is  used; 
3d,  4s  and  4p  orbitals  are  explicitly  included  in 
the  valence  basis.  Other  Ni  atoms  are  described 
by  an  effective  core  potential  for  [ls-3d]  elec¬ 
trons,  and  a  single  4s  orbital.  For  all  boundary 
atoms,  and  those  in  the  third  layer,  the  core 
potential  is  further  modified  to  account  for  bond¬ 
ing  to  the  bulk  region,  as  described  in  refs.  [14,15]. 
The  basis  orbitals  of  Ni,  C,  and  H  are  the  same  as 
used  in  previous  dissociative  chemisorption  stud¬ 
ies  of  CH4  on  Ni(lll)  [17].  A  double-zeta  s  and  p 
basis  for  Na  is  taken  from  Veillard  [18]  and 
augmented  with  a  set  of  p  polarization  functions 
(exponent  of  0.5). 

The  Na,  H  and  C  interstitials  are  positioned 
below  a  hollow  3-fold  site  and  midway  between 
the  first  and  second  layers,  as  shown  in  fig.  2. 


Fig.  2.  CH)  geomeliy  and  the  local  region  of  Nidll)  showing 
subsurface  Na,  H  and  C  atoms.  The  interstitial  species  are 
below  a  hollow  3-fold  site,  midway  between  the  first  and 
second  layers.  The  vertical  distance  of  the  interstitial  to  the 
first  and  second  layers  is  1.01  A. 


3.  Results 

Fig.  2  shows  the  geometry  of  pyramidal  CH3 
adsorbed  at  a  hollow  3-fold  site,  where  there  is 
no  second  layer  Ni  atom  underneath.  The  inter¬ 
stitial  Na,  H  or  C  atom  is  below  the  hollow  3-fold 
site,  in  the  interstitial  position  midway  between 
the  Erst  and  second  layers.  In  the  initial  carbon- 
surface  distance  optimization,  the  C-H  bond 
lengths  are  flxed  at  1.08  A  and  the  HCH  angles 
at  109.5°.  Calculated  adsorption  energies,  dis¬ 
tances  from  CH3  to  the  surface,  and  vibrational 
frequencies  are  reported  in  table  1.  For  CH3  on 
clean  Ni(lll),  the  computed  adsorption  energy  is 
38  kcal/mol  with  a  suiiface-CH3  distance  of  1.90 
A.  These  values  along  with  the  calculated  vibra¬ 
tional  frequencies  are  consistent  with  our  previ¬ 
ous  calculations  of  CH3  on  Ni(lll),  where  the 
lattice  was  modeled  as  a  28-atom,  three  layer 
cluster  [19,20]. 

For  CH3  adsorption  at  the  3-fold  site  above 
the  interstitial  atom,  the  chemisorption  energy 
increases  to  50  and  47  kcal/mol  for  Na  and  H 


subsurface  atoms,  respectively.  However,  the  en¬ 
ergy  decreases  to  17  kcal/mol  in  the  case  of  a  C 
subsurface  atom.  The  distances  of  CH3to  the 
surface  change  only  slightly  from  1.85  to  1.93  A. 

Thus  CH3  adsorption  energies  are  comparable 
for  Na  and  H  interstitials;  while  the  subsurface  C 
significantly  weakens  the  CH  3-surface  bond  to  a 


Table  1 

Adsorption  energies  (E^),  CHj  distances  from  C  to  the 
surface  (R^),  and  vibrational  frequencies  for  CH)  adsorbed  at 
a  hollow  3-fold  site  on  NKlll)  with  subsurface  Na.  H  and  C 
interstitials. 


(kcal/mol) 

(A) 

Ni-CH, 

stretch 

(cm'') 

C-H 

stretch 

(cm'') 

NKlll) 

38 

1.90 

374 

3140 

Na  interstitial 

50 

1.85 

361 

3140 

H  interstitial 

47 

1.87 

340 

3130 

C  interstitial 

17 

1.93 

476 

3170 

Results  are  from  configuration  interaction  calculations  and 
are  corrected  for  basis  superposition  effects  of  approximately 
3  to  4  kcal/mol. 
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(a)  (b) 


NK111)  Na  Interstitial  H  Interstitial  C  Interstitial 

AE  (Kcal/tnol)  +22  +30  +24  +12 

Fig.  3.  Tetrahedral  and  planar  CH3  geometries  on  NKUl) 
with  subsurface  Na,  H  and  C  interstitials  (shaded  circles).  The 
interstitials  are  below  a  hollow  3-fold  site,  midway  between 
the  first  and  second  layers.  A£  is  the  energy  required  to 
distort  the  tetrahedral  geometry  of  (a)  into  a  planar  structure 
of  (b).  The  CH3-surface  distances  (/{^)  are  listed  in  table  1. 

value  less  than  one-half  that  for  Ni(lll)  with  no 
interstitial  species.  Na  is  an  electron  donor  and 
the  3s  electron  is  distributed  over  the  neighboring 
Ni  atoms  in  the  first  and  second  layers.  It  is 
therefore  easier  for  CH3  to  receive  electronic 
charge  from  the  surface  and  form  a  strong  bond. 
The  interstitial  H  behaves  somewhat  like  the  Na 
interstitial,  but  its  net  charge  is  only  +  0.091  e|. 
On  the  other  hand,  Mulliken  populations  from 
the  SCF  calculations  show  that  the  C  interstitial 
receives  almost  2  electrons  [21].  The  surface  ad¬ 
sorption  region  becomes  electron  deficient,  and 
the  CH  3-surface  bond  strength  is  diminished 
since  it  is  more  difHcult  for  CH3  to  pull  electrons 
from  the  substrate. 

Fig.  3  shows  the  energy  required  to  distort  the 
tetrahedral  CH3  into  a  planar  structure  on 
Ni(lll)  with  and  without  the  interstitial  species. 
The  purpose  of  these  calculations  is  to  determine 
whether  the  implants  stabilize  or  destabilize  the 
CH3  tetrahedral  geometry.  The  figure  shows  that 
the  energy  required  to  distort  tetrahedral  CH  3  to 
a  planar  sp^  geometry  is  22  kcal/mol  on  NKlll), 
at  the  surface-CH3  equilibrium  distance  of  1.90 
A.  For  NKlll)  with  an  interstitial  Na  atom,  this 
energy  increases  to  30  kcal/mol,  for  interstitial 
H,  the  value  is  24  kcal/mol,  and  with  the  C 
interstitial  atom,  only  12  kcal/mol  is  required. 
The  latter  value  is  about  one-half  that  required 
for  distortion  of  CH3  on  NKlll)  with  no  implant. 


As  indicated  above,  the  interstitial  atoms  are 
positioned  below  a  hollow  3-fold  site  and  midway 
between  the  first  and  second  layers,  i.e.,  at  the 
center  of  an  octahedral  hole  in  the  lattice.  The 
smaller,  tetrahedral  hole  (below  the  filled  3-fold 
site)  was  not  investigated.  The  octrahedral  hole  is 
not  quite  large  enough  to  accommodate  Na*^  and 
is  much  too  small  for  negatively  charged  carbon. 
Therefore,  we  would  expect  that  interstitial 
species  such  as  Na  and  C,  and  to  a  lesser  extent 
hydrogen,  will  expand  the  lattice  locally.  This  in 
turn  will  a^ect  some  of  the  properties  we  have 
calculated,  but  the  extent  is  unclear.  Further,  the 
implant  species  are  mobile  and  in  the  case  of  H 
and  C  may  ultimately  react  with  the  adsorbed 
CH3.  Thus,  although  the  large  effects  found  in 
the  present  study  are  intriguing,  much  more  work 
is  needed  before  a  quantitative  understanding  of 
accompanying  effects  will  be  possible. 


4.  Conclusions 

The  conclusions  of  the  present  study  of  CH3  at 
a  hollow  3-fold  site  on  NKlll)  with  subsurface 
Na,  H  and  C  interstitials  can  be  summarized  as 
follows. 

(1)  Tetrahedral  CH3  binds  strongly  to  the 
Ni(lll)  when  an  interstitial  Na  or  H  atom  im¬ 
plant  is  present;  the  adsorption  energy  is  50  or  47 
kcal/mol,  respectively,  compared  to  38  kcal/mol 
for  NKlll)  with  no  implant.  The  adsorption  en¬ 
ergy  is  only  17  kcal/mol  in  the  presence  of  a 
subsurface  C  implant.  The  corresponding  CHj- 
surface  distances  are  1.8S,  1.87,  and  1.93  A  for 
Na,  H,  and  C  cases,  respectively.  With  no  implant 
the  value  is  1.90  A. 

(2)  Energies  required  to  distort  tetrahedral  sp^ 
CH3  into  a  planar  sp^  structure  are  22  kcal/mol 
on  Ni(lll),  and  30,  24,  and  12  kcal/mol  for  Na, 
H,  and  C  implants,  respectively. 

(3)  Calculated  C-H  stretching  frequencies  are 
all  around  3150  cm~'  with  or  without  the  im¬ 
plants.  The  surface-CH3  perpendicular  stretch 
vibrational  frequencies  are  374  cm"'  on  NKlll), 
and  361,  340,  and  476  cm"'  with  the  Na,  H,  and 
C  implants,  respectively. 
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(4)  The  present  studies  indicate  that  C  below 
the  Ni  surface  may  make  it  easier  for  a  carbon 
overlayer  to  revert  to  a  planar  graphite  structure, 
while  interstitial  Na  atoms  may  stabilize  a  tetra¬ 
hedral  Csp^  structure  on  Ni(lll). 

Note  added:  A  recent  published  experimental 
study  by  Ceyer  and  coworkers  [22]  has  demon¬ 
strated  that  interstitial  H  is  the  active  species  in 
the  hydrogenation  of  CHj  on  Ni(lll).  The  reac¬ 
tion  of  surface  hydrogen  with  methyl  is  inhibited 
by  a  substantial  energy  barrier  [17].  The  experi¬ 
mental  evidence  is  consistent  with  H  in  an  octa¬ 
hedral  interstitial  site  reacting  with  CHj  ad¬ 
sorbed  at  the  3-fold  surface  site  above  H  (see  fig. 
2c).  Our  theoretical  results  suggest  that  the  pres¬ 
ence  of  interstitial  H  enhances  the  adsorption 
energy  of  CHj  at  this  site. 
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Diamond  films  grown  by  rf  plasma-enhanced  chemical  vapor  deposition  in  dilute  CO,  CF4, 
and  CH4  (diluent  H2)  mixtures  have  been  examined  by  cathodoluminescence  (CL)  in 
a  transmission  electron  microscope  to  assess  the  incorporation  of  optically  active  impurities 
and  defects.  The  details  of  the  CL  spectra  are  found  to  be  dependent  on  the  diflferent 
gas  mixtures  and  are  correlated  with  the  different  film  microstructures.  Dislocation-related 
band  A  CL  due  to  closely  spaced  donor-acceptor  {D-A)  pairs  was  observed  from 
both  the  CO  and  CH4-grown  films,  but  was  absent  in  the  CF4-grown  material.  Band  A  CL 
due  to  widely  separated  {D-A)  pairs  was  seen  in  all  samples  but  was  especially 
dominant  in  the  CF4-grown  film.  Emission  due  to  a  di-Si  interstitial  impurity  was  observed  in 
CO-  and  CF4-grown  films  but  was  absent  in  the  CH4-grown  material. 


The  chemical  vapor  deposition  (CVD)  of  diamond 
films  is  currently  receiving  much  attention.'  At  present, 
attempts  at  heteroepitaxial  growth,  usually  on  Si  sub¬ 
strates,  have  resulted  in  heterogeneous  polycrystalline  films 
containing  many  defects  and  impurities.  One  of  the  goals  of 
such  growth  methods  must  be  the  control  of  the  formation 
of  these  inhomogeneities,  especially  if  potential  optical  and 
electronic  applications  are  to  be  realized.  The  aim  of  this 
study  was  to  investigate  how  the  use  of  dilute  CO  and  CF4, 
rather  than  the  usual  CH4,  in  the  CVD  process  might  affect 
the  incorporation  of  impurities  or  defects  and  the  elec¬ 
tronic  states  associated  with  them.  The  analytical  tech¬ 
nique  used  was  spectrally  resolved  cathodoluminescence 
(CL)  performed  in  a  transmission  electron  microscope 
(TEM)  which  allows  a  simultaneous  correlation  of  CL 
emission  with  specimen  microstructure. 

Three  polycrystalline  diamond  films,  1-2  /rm  thick, 
were  grown  on  Si(lOO)  substrates  by  rf  plasma-enhanced 
CVD  (PECVD)  using  the  following  gas  compositions  and 
growth  conditions:  (1)1%  CH4,  99%  H2,  pressure  =  5.0 
Torr,  temperature  ~650*C;  (2)  2%  CO,  98%  H2, 
pressure  =  3.0  Torr,  temperature  ~630’C;  (3)  8%  CF4, 
92%  H2,  pressure  =  5.0  Torr,  temperature  ~820*C.  De¬ 
tails  of  the  growth  of  this  last  film  are  described  in  another 
publication.^  An  additional  film  was  grown  using  2%  CO/ 
98%  H2  at  a  temperature  of  ~725*C  on  R-plane  (10T2) 
sapphire  to  examine  the  effect  of  the  substrate  on  the  pres¬ 
ence  of  impurities  and  defects.  The  substrates  for  the  CO- 
and  CH4-grown  films  were  scratched  with  diamond  paste 
prior  to  deposition  whereas  the  CF4-grown  film  was  grown 
on  an  unscratched  and  untreated  Si  substrate.  Specimens 
were  prepared  for  TEM  by  dimple  polishing  and  milling 
with  Ar*  ions.  Detection  of  CL  was  performed  in  TEM,^ 
which  also  allowed  the  microstructure  to  be  observed,  us¬ 
ing  a  120  keV  electron  beam  and  liquid-nitrogen-cooled 
specimen  stage. 

Figure  1  shows  CL  spectra  in  the  3(X)-900  nm  range 
acquired  from  15^m-diam  regions  from  all  four  films.  The 


CH4-grown  film  gave  a  spectrum  which  consists  of  a  broad 
peak  at  428±1  nm  (2.90±0.01  eV)  superimposed  on  an 
even  broader  band  with  a  maximum  around  470  ±  1  nm 
(2.637  ±0.005  eV).  The  CF4-grown  film  gave  a  broad  band 
centered  at  540±1  nm  (2.295 ±  0.004  eV),  and  a  small 
peak  at  737.8±0.5  nm  (1.680  ±0.001  eV).  Spectra  from 
both  CO-grown  films  exhibit  a  number  of  similar  spectral 
features  as  summarized  in  Table  I. 

The  CH4-grown  material  consists  of  a  perforated  film 
containing  1-2  ^m-sized  grains,  many  with  well-developed 
growth  habits  and  microtwins.  The  grains  often  contain  a 
high  density  of  other  small  defects,  possibly  stacking  faults 
or  inclusions  of  nondiamond  carbon,  and  associated  static 


300  420  540  660  780  900 
Wavelength  (nm) 


no.  1.  CL  spectra  from  pidycrystalliiie  diamood  Sims:  (a)  1%  CH4, 
99%  Hj,  pressure  =  S.O  Torr,  temperature  -6S0*C  on  Si(  100);  (b)  8% 
CF4. 92%  H2.  pressure  =  S.O  Torr,  temperature  -820  *C  on  Si(  100);  (c) 
2%  CO,  98%  H],  pressure  =  3.0  Torr,  temperature  ~630 Xl  on  Si(  100); 
(d)  2%  CO,  98%  Hj,  pressure  •  3.0  Torr,  temperature  — 725X  on 
it-plane  (10l2)  sapphire. 
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disorder,  as  also  evidenced  by  significant  dilTuse  scatter  in 
convergent  beam  electron  diffraction  (CBED)  patterns  ob¬ 
served  from  individual  crystals.  The  CF4-growo  film  is 
continuous  with  a  smaller  grain  size  (0. 1-0.3  /zm).  Al¬ 
though  many  grains  are  heavily  microtwinned,  inclusions 
are  generally  absent.  Some  grains  are  defect-free  and 
CBED  indicates  a  low  degree  of  static  disorder.  The  mi¬ 
crostructure  of  the  CO-grown  films  is  very  substrate  de¬ 
pendent.  On  Si  the  film  is  continuous  consisting  of  very 
defective  O.l-O.S  ^m-sized  grains  whereas  on  sapphire 
highly  defective  connected  nodules  ( 1  /xm  diameter)  form 
a  perforated  film.  The  weak  CL  intensity  and  small  grain 
size  in  some  of  these  films  precluded  a  detailed  correlation 
of  microstructure  with  CL  as  has  been  demonstrated  pre¬ 
viously  in  CVD-grown  diamond.^  However,  a  general  cor¬ 
relation  with  overall  film  structure  is  described  below. 

The  emissions  listed  in  Table  I  are  identified  as  follows. 
The  bands  at  431  and  436  nm  are  known  as  band  A  and  are 
due  to  closely  spaced  donor-acceptor  {.D-A)  pairs.  This 
emission  is  normally  associated  with  natural,  rather  than 
synthetic,  diamonds’  but  has  often  been  observed  from 
CVD-grown  material*"”  and  has  been  correlated  with 
dislocations.*  The  bands  at  S86  and  607  are  probably  also 
band  A  but  are  due  to  widely  separated  D-A  pairs  and  are 
more  typical  of  synthetic  diamond,  although  the  peak  of 
the  band  at  607  nm  is  at  the  low-energy  limit  for  band  A. 
The  intense  peak  at  737.8  nm  is  the  same,  within  experi¬ 
mental  error,  as  that  observed  previously  in  CVD-grown 
diamond  and  is  due  to  di-Si  interstitial  impurities.*’”"” 
The  origins  of  the  emissions  at  464,  484,  and  503  nm  are 
unknown  although  they  have  been  observed  previously  in 
dilute  CH4  CVD-grown  diamond.*  The  534  nm  peak  has 
also  been  observed  in  CH4-grown  material  and  may  be  due 
to  a  nitrogen-vacancy-related  complex.*’’’”  For  the 
CH4-grown  film,  the  428  nm  band  is  again  due  to  closely 
spaced  D-A  pairs.  The  very  broad  band  on  which  this  is 
superimposed  is  probably  also  due  to  D-A  pairs  although  it 
has  an  uncommonly  large  full  width  at  half  maximum 
(FWHM)  of  over  1 100  meV  and  peaks  at  a  higher  energy 
than  is  usually  encountered  in  D-A  emission.  For  the 
CF4-grown  material,  the  band  at  540  nm  is  typical  of  band 
A  emission  from  widely  separated  D-A  pairs  in  synthetic 
diamond.  The  small  FWHM  (7  meV)  of  the  small  peak  at 
737.8  nm  confirms  that  this  is  again  due  to  Si  interstitials. 

The  D-A  pair  bands  are  due  to  nitrogen  and  boron 
impurities  which  presumably  exist  as  contaminants  of  the 
source  gases,  vacuum  system,  and  reactor  components. 
Secondary-ion  mass  spectrometry  (SIMS)  of  the  films  con¬ 


firms  the  presence  of  these  impurities.  The  interstitiaBi 
impurity  is  believed  to  originate  from  the  etching  of  eitBr 
the  Si  substrate  or  silica  reactor  walls  by  the  plasma.  No 
new  CL  emissions  from  the  CO-  or  CF4-grown  films 
observed,  suggesting  that  neither  O  or  F  are  presentB 
optically  active  impurities,  although  certainly  F  is  incor¬ 
porated  in  the  CF4-grown  film  during  growth,  as  revea^ 
by  SIMS.  In  natural  diamond,  O  has  been  found  to  exisB 
the  30-90  ppm  level,'*  as  elemental  or  mineralogical  inci¬ 
sions  or  possibly  as  a  substitutional  or  interstitial 
impurity.”  No  optical  activity  has  been  documented  whB 
is  consistent  with  our  observations.  No  information  abd 
the  presence  of  F  in  diamond  was  found  in  the  literature. 

The  details  of  the  CL  emissions  and  film  microstruM 
ture  are,  however,  dependent  on  the  growth  gases  and 
now  attempt  to  correlate  the  two.  Dealing  first  with  band  >4 
luminescence,  all  specimens,  except  the  CF4-grown  fili^ 
show  emission  at  around  430  nm  due  to  closely  spaced  dI 
pairs.  Previous  studies,  which  show  that  this  emission  11 
correlated  with  dislocations  in  CVD-grown  diamond,*  sug¬ 
gest  that  dislocations  are  present  in  these  films.  Potential 
other  defects,  e.g.,  stacking  faults,  nondiamond  inclusioi^ 
may  also  allow  D-A  pairs  to  exist  in  the  closer  proximity 
normally  associated  with  defect-free  natural  cliamonc^ 
This  may  account  for  the  extremely  broad  band  A  observB 
in  the  CH4-grown  material  where  such  defects  in  sin^ 
crystals  abound  and  to  a  lesser  extent  the  CO-grown  film 
on  sapphire.  However,  if  the  density  of  other  defects  bB 
comes  too  high  resulting  in  poor  crystallinity,  increasB 
nonradiative  recombination  reduces  the  overall  CL  inten¬ 
sity,  as  seen  in  the  CO-grown  films.  Significantly,  tlA 
CF4-grown  material  was  the  least  defective  at  a  micrB 
scopic  level,  i.e.,  excluding  microtwins,  and  showed  no 
such  band  due  to  closely  spaced  D-A  pairs.  All  filn^ 
showed  some  degree  of  band  A  due  to  widely  separatB 
D-A  pairs  normally  seen  in  synthetic  diamond.  In  tlB 
CF4-grown  films  this  was  the  only  peak  of  any  significant 
intensity  and  the  slightly  higher  peak  energy,  2.3  eV  conB 
pared  with  about  2. 1  eV  for  the  CO-grown  films,  sugges| 
a  smaller  mean  D-A  pair  separation.  Faster  growth  rates 
have  been  observed  when  O  is  added  to  dilute  CH4,jj| 
which  might  result  in  D-A  pairs  being  incorporated  in  evcB 
more  random  lattice  sites  resulting  in  larger  mean  D-A  pam 
separation  and  a  band  A  peak  at  lower  energy. 

The  CO-  and  CF4-grown  films  all  showed  some  degrcB 
of  interstitial  di-Si  impurity  which  is  believed  to  originatB 
from  etching  of  Si-containing  materials  by  the  plasma  in 
the  growth  zone.  Although  absent  in  the  CH4-grown  filiM 
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FIG.  2.  Incidence  of  the  di-Si  interstitial  defect,  as  observed  by  CL  ( 1.681 
eV  peak),  CVD-grown  diamond  on  Si  substrate  as  a  function  of  growth 
temperature  and  pressure  with  the  concentration  of  CH4  used  indicated; 
•  =  peak  observe),  O  =  peak  not  observed,  data  from  Refs.  4,  8-1 1, 13, 
and  this  work.  For  comparison,  films  grown  using  dilute  CF4  and  CO  (on 
Si  and  sapphire)  which  show  the  1.681  eV  peak  are  also  represented 
( A  =  dilute  CF4,  ■  —  dilute  CO).  Broken  vertical  lines  indicate  range  of 
pressures  used  for  films  shown  as  grown  at  25  Torr,  since  exact  pressures 
were  not  given.  For  the  data  point  in  parentheses,  the  peak  in  the  CL 
spectrum  was  identified  as  GRl  due  to  neutral  vacancy  defect  rather  than 
di-Si  (Ref.  9).  Similarly,  the  peak  in  Ref.  10  was  identified  as  GRl  but 
subsequently  attributed  to  di-Si  by  the  same  workers  (Ref.  13). 

here,  this  has  been  observed  in  similar  material  by  other 
workers.^’""'^  The  reason  for  this  probably  lies  in  the  de¬ 
tails  of  the  growth  conditions;  previous  observations  by  CL 
of  the  di-Si  interstitial  defect  shown  graphically  in  Fig.  2 
suggest  that  it  only  occurs  at  higher  growth  temperatures 
and  pressures  and/or  CH4  concentration,  although  the 
limited  number  of  data  points,  the  different  growth  meth¬ 
ods  and  other  reactor-dependent  variables  make  such  a 
generalization  only  tentative.  Intense  peaks  in  the  CO- 
grown  films,  grown  under  similar  conditions  to  the 
CH4-grown  material,  indicate  that  CO  enhances  the  etch¬ 
ing  potency  of  the  plasma  resulting  in  higher  levels  of  di-Si 
impurity.  Conversely,  the  small  size  of  this  peak  in  the 
CF4-grown  film  shows  that  little  of  this  impurity  has  been 
incorporated  as  the  optically  active  di-Si  interstitial  form 
during  growth.  This  is  surprising  since  CF4-based  plasmas 
are  known  to  be  '.  try  reactive;  even  visible  etching  of  a 
glass  viewport  in  the  reactor  occurred  during  previous 
runs.  In  addition,  SIMS  shows  the  Si  content  to  be  higher 
in  this  film  than  in  the  CO-grown  films.  This  suggests  that 
Si  is  also  being  incorporated  as  an  optically  inactive  form 
and  so  implies  that  the  nature  of  incorporation  of  Si  de¬ 
pends  on  the  gaseous  species  used  and  formed  during  the 
CVD  growth  process. 

The  source  of  the  Si  impurity  has  also  been  the  subject 
of  recent  investigation.  The  spectra  from  the  CO-grown 
material  on  the  Si  and  sapphire  substrates  show  the  same 
basic  emissions  inspitc  of  large  differences  in  film  micro¬ 
structure.  However,  relative  to  band  A  and  other  emis¬ 
sions,  the  peak  due  to  the  di-Si  interstitial  defect  was  much 
more  intense  when  the  substrate  was  Si,  indicating  that 


much  of  this  impurity  originates  from  the  substrate.  The 
persistence  of  this  peak  when  a  sapphire  substrate  is  used 
indicates  that  at  least  some  of  the  Si  originates  from  the 
reactor  which  contrasts  with  recent  studies  by  Ruan  el  al.^^ 
who  found  that  this  peak  only  when  a  Si  substrate  was  used 
during  growth  with  dilute  CH4.  This  could  be  explained  by 
the  apparently  enhanced  etching  properties  of  the  CO-con- 
taining  plasma  as  previously  discussed.  The  potential  for 
reactor  “memory"  due  to  deposits  on  the  reactor  wall  from 
earlier  depositions  on  Si  substrates  also  exists. 

In  conclusion,  use  of  dilute  CO  and  CF4  does  not  in¬ 
troduce  any  optically  active  impurity  or  defect  states  not 
previously  observed  in  dilute  CH4-grown  CVD  diamond. 
The  different  gases  do,  however,  result  in  different  film 
microstructures  and  concomitant  CL  spectra.  Dislocation- 
related  band  A  CL  is  observed  from  CO-  and  CH4-grown 
films  but  only  widely  separated  D-A  pairs  exist  in  the 
CF4-grown  material.  The  di-Si  interstitial  impurity  was 
most  readily  incorporated  in  CO-grown  films,  with  both 
the  Si  substrate  and  reactor  walls  believed  to  be  the  source. 
In  comparison,  the  CF4-grown  film  contained  a  higher 
concentration  of  Si,  but  only  a  small  amount  as  the  opti¬ 
cally  active  di-Si  form. 
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Low  energy  electron  diffraction  (LEED)  has  been  used  to  study  the  effects  of  atomic  and 
molecular  species  of  hydrogen  and  oxygen  on  the  reconstructed  C(100)-(2xl)  surface. 
Thermal  desorption  spectroscopy  was  also  used  to  study  desorption  products  and  kinetics  from 
hydrogenated  and  oxygenated  surfaces.  Atomic  hydrogen  appears  relatively  inefficient  at 
breaking  C-C  dimer  bonds  on  the  (100)-(2xl)  surface.  Atomic  oxygen,  in  contrast,  readily 
converts  the  surface  from  the  2  X  1  state  to  the  1 X 1  state.  This  process  is  reversible  for  a  limited 
number  of  cycles  before  degradation  of  the  surface  obscures  the  2  X  1  LEED  pattern.  Oxygen  is 
thought  to  adsorb  in  one  of  two  configurations,  bridging  carbon  atoms  on  the  surface,  or  double 
bonded  to  a  single  carbon  atom  on  the  surface.  Thermal  desorption  of  molecular  hydrogen  from 
hydrogenated  C(100)-(2X  1):H  surfaces  occurs  at  approximately  900  *C  for  a  heating  rate  of 
20  *C/s.  Molecular  hydrogen  is  the  major  desorption  product  and  the  desorption  temperature 
appears  to  be  coverage  independent.  Thus  the  desorption  kinetics  are  most  likely  first  order. 
Thermal  desorption  of  carbon  monoxide  from  oxygenated  C(100)-(lXl):O  surfaces  occurs  at 
approximately  600  *C  for  a  heating  rate  of  20  ‘C/s.  Carbon  monoxide  is  the  major  product  seen, 
with  small  quantities  of  carbon  dioxide  also  observed.  For  increasing  oxygen  coverages,  the 
desorption  peak  is  observed  to  shift  to  lower  temperatures.  A  peak  shift  to  lower  temperatures 
can  be  interpreted  as  either  first  order  kinetics  with  a  coverage  dependent  activation  energy  or 
second  order  kinetics.  The  reaction  order  is  not  known  in  this  case,  but  from  analysis  of  the  peak 
shapes  and  from  the  fact  that  CO  can  desorb  without  prepairing,  the  data  suggest  that  the 
reaction  is  first  order. 


I.  INTRODUCTION 

Hydrogen  plays  an  integral  role  in  many  of  the  chemical 
vapor  deposition  (CVD)  diamond  growth  processes  devel¬ 
oped  to  date.'  Hydrogen  is  thought  to  function  in  the 
growth  process  in  a  number  of  ways,  including  mainte¬ 
nance  of  sp^  hybridization  of  carbon  atoms  at  the  growth 
surface.  Oxygen  has  been  used  in  concentrations  of  approx¬ 
imately  l%-2%  in  H2/CH4  plasmas  to  extend  the  dia¬ 
mond  growth  regime  with  respect  to  gas  composition  and 
substrate  temperature.^’^  The  role  oxygen  plays  is  perhaps 
more  complicated.  It  has  been  suggested  that  oxygen  in¬ 
creases  the  atomic  hydrogen  concentration  through  gas 
phase  reactions  and  also  etchs  nondiamond  carbon.^  Re¬ 
cently,  however,  oxygen  has  been  introduced  to  the  growth 
process  in  much  larger  concentrations  in  the  form  of  water 
and  alcohols.*  Bachmann  et  al.  have  assembled  data  from 
a  variety  of  growth  techniques  to  produce  an  empirical 
H-C-O  diamond  growth  phase  diagram.’  The  diagram  in¬ 
dicates  that  diamond  can  be  successfully  grown  with  car¬ 
bon  and  oxygen  alone.  In  spite  of  numerous  growth  stud¬ 
ies,  the  details  of  the  roles  of  hydrogen  and  oxygen  in  the 
CVD  growth  environment  are  still  unclear,  as  are  funda¬ 
mental  questions  concerning  interactions  of  these  two  gas¬ 
ses  with  the  diamond  surface.  In  order  to  greatly  simplify 
the  systems  under  consideration,  we  have  used  a  combina¬ 
tion  of  low  pressure  gas  dosing,  temperature  programmed 
desorption,  and  low  energy  electron  diffraction  (LEED)  to 


study  interactions  of  relatively  simple  gasses  such  as 
atomic  hydrogen  and  atomic  oxygen  with  a  clean  diamond 
surface. 

Although  similar  in  structure  to  the  silicon  ( 100)  sur¬ 
face,  the  diamond  (100)  surface  has  not  been  studied 
nearly  as  intensively,  with  only  a  handful  of  experimental 
studies  published  to  date.^'"  Important  questions  remain 
concerning  the  details  of  the  reconstruction  and  the  effect 
of  adsorbates  on  surface  structure.  As  with  silicon  ( 1(X)) 
the  diamond  (100)  surface  reconstructs  to  a  rotated  2x  1 
dimer  configuration  upon  heating.^*''"  Due  to  the  higher 
bond  strengths  in  the  carbon  system  the  reconstruction 
does  not  occur  until  the  diamond  is  annealed  to  approxi¬ 
mately  1000  'C,  as  opposed  to  450  *C  for  silicon.  There  is 
also  evidence  that  the  reconstruction  is  not  necessarily  cou¬ 
pled  with  the  thermal  desorption  of  hydrogen  from  the 
surface  as  in  the  case  of  silicon.  Hamza  et  al.  report  that 
both  thermal  desorption  signals  and  “fast”  protons  gener¬ 
ated  by  electron  stimulated  desorption  are  eliminated  be¬ 
low  925  *C.*  However,  they  report  that  the  LEED  half¬ 
order  spot  intensity  does  not  begin  to  appear  until  the 
sample  is  annealed  at  965  *C.* 

Adsorption  of  atomic  hydrogen  has  been  reported  to 
convert  the  surface  back  to  the  1 X 1  configuration.*  How¬ 
ever,  subsequent  annealing  to  1200*C  did  not  convert  the 
surface  back  to  the  2  X 1  configuration.*  Theoretical  calcu¬ 
lations  indicate  a  substantial  barrier  for  the  insertion  of 
hydrogen  into  the  C-C  dimer  bond."'”  From  these  calcu¬ 
lations  it  appears  difficult  to  form  the  dihydride  from  the 
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Fig.  1.  Schematic  view  of  system.  Inset  is  a  drawing  showing  details  of  the  sample  mounting  and  heater  geometry. 
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monohydride  by  the  exposure  of  the  2x1  surface  to  atomic 
hydrogen  at  25  °C. 

Oxygen  interactions  with  the  ( 100)  surface  are  less  well 
studied  than  those  of  hydrogen.  Lurie  and  Wilson  report 
no  observable  effect  on  LEED  patterns  upon  exposure  of 
the  (100)  surface  to  molecular  oxygen.'®  Matsumoto  ex¬ 
posed  diamond  powder  to  molecular  oxygen  at  atmo¬ 
spheric  pressure  and  room  temperature  and  at  1  Pa  at 
500  'C.  In  the  case  of  the  powder  desorption,  CO  desorp¬ 
tion  peaks  were  seen  at  approximately  600  *C.  Smaller  de¬ 
sorption  peaks  were  seen  for  CO2  at  approximately  500  *C. 

In  the  present  article  we  have  used  LEED  to  study  the 
effects  of  atomic  and  molecular  species  of  hydrogen  and 
oxygen  on  the  reconstructed  2x1  surface.  Thermal  de¬ 
sorption  spectroscopy  was  also  used  to  study  desoiption 
products  and  kinetics  from  hydrogenated  and  oxygenated 
surfaces. 

II.  EXPERIMENTAL  PROCEDURES 

Thermal  desorption  spectroscopy  and  LEED  observa¬ 
tions  were  performed  in  a  stainless  steel  UHV  system 
shown  in  Fig.  1.  Turbomolecular  pumps  were  used  both  on 
the  main  chamber  and  to  differentially  pump  the  chamber 
housing  the  quadrupole  mass  spectrometer.  Additional  hy¬ 
drogen  pumping  capacity  for  the  quadrupole  chamber  was 
provided  by  a  bulk  getter  pump.  Base  pressure  was  5 
X  10" '®Torr  for  the  sample  chamber  and  1  X  10" Ton- 
for  the  quadrupole  chamber.  The  sample  chamber  was  sep¬ 
arated  from  the  quadrupole  chamber  by  a  2  mm  diam 
stainless  steel  aperture. 

Sample  heating  was  accomplished  by  clipping  the  crys¬ 
tals  to  a  0.25  mm  thick  molybdenum  resistive  strip  heater, 
(inset  Fig.  1)  All  parts  associated  with  the  heater  stage, 


including  the  clamps  and  current  leads  were  manufactured 
from  molybdenum.  The  sample  temperature  was  measured 
by  a  0.125  mm  diam  chromel/alumel  thermocouple 
threaded  through  a  laser  drilled  hole  in  the  diamond  and 
held  in  tension  against  the  crystal,  (inset  Fig.  1)  Sample 
heating  was  controlled  by  feedback  from  the  thermocouple  ■ 
to  a  silicon  controlled  rectifier  power  supply.  After  an  ini-  • 
tial  warm-up  phase,  temperature  ramps  are  linear  from 
approximately  150'C  to  over  llOO’C. 

A  series  of  control  experiments  were  performed  to  en¬ 
sure  that  thermal  desorption  signals  observed  actually  orig¬ 
inated  from  the  sample  surface.  For  both  atomic  hydrogen 
and  atomic  oxygen,  samples  were  dosed  in  the  standard 
manner  and  thermal  desorptions  run  with  the  sample  ei¬ 
ther  adjacent  to,  but  not  in  front  of,  the  aperture,  or  with 
the  aperture  centered  on  a  portion  of  the  sample  mounting 
assembly.  No  thermal  desorption  peaks  were  observed  in 
any  of  the  control  experiments. 

Two  type  Ila  (100),  5x5x0.25  mm,  diamond  crystalsB 
were  used  in  the  course  of  the  present  study.  Other  thanqf 
thermal  cleaning,  no  technique  is  available  in  situ  for  re¬ 
moving  surface  contamination  from  the  diamond  crystals.^ 
Particular  attention  was  therefore  paid  to  preparing  theV 
diamond  surface  before  mounting  in  the  vacuum  system. 
The  samples  are  initially  hand  polished  for  5  min  with  0.25_ 
fiin  diamond  grit  and  deionized  (DI)  water  on  a  nyloifl 
polishing  pad.  The  samples  are  then  ultrasonically  de® 
greased  in  a  series  of  solvents,  trichloroethylene,  acetone, 
methanol,  and  deionized  water.  Following  the  deionizetA 
water  rinse,  the  samples  are  swabbed  under  DI  water  trl 
remove  particles.  The  samples  are  rinsed  again  in  the  sol¬ 
vent  series  and  then  placed  in  Cr0j/H2S04  ( 125  *C)  soluf 
tion  for  20  min  to  remove  nondiamond  carbon.  The  samj 
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pies  are  rinsed  in  DI  water  and  then  boiled  in  a  3: 1  solution 
of  HCI/HNOj  for  20  min  to  remove  any  metals  conUmi- 
nation.  Finally  the  samples  are  rinsed  in  DI  water  and 
blow-dried  with  compressed  nitrogen.  Samples  subjected  to 
this  cleaning  process  typically  show  a  good  quality  1  X  1 
LEED  pattern  at  beam  voltages  as  low  as  50  V  with  no 
annealing.  For  the  initial  thermal  cleaning  the  samples 
were  ramped  up  in  temperature  at  approximately  10°C/s 
until  the  pressure  in  the  main  chamber  rose  to  5 
X  10  ~  *  Torr  at  which  point  the  power  was  shut  off  and  the 
samples  cooled.  This  cleaning  cycle  continued  until  a  max¬ 
imum  temperature  of  1 1 50  °C  was  reached. 

In  all  cases  atomic  hydrogen  was  generated  via  a  tung¬ 
sten  filament  operating  at  a  temperature  of  approximately 
1500*C.  Filament  temperatures  were  measured  with  a 
hand  held  optical  pyrometer.  The  sample  was  positioned 
approximately  2  cm  from  the  filament  during  dosing.  The 
sample  was  not  actively  cooled  and  at  the  lowest  dosing 
pressures  remained  at  room  temperature.  Atomic  oxygen 
was  generated  via  an  iridium  filament  at  llOO'C.  Very 
large  scale  integrated  (VLSI)  grade  hydrogen  and  oxygen 
gasses  were  used  with  no  further  purification.  No  attempt 
was  made  to  quantify  the  percentage  of  atomic  species  gen¬ 
erated  by  the  filaments.  From  earlier  experiments  on  sili¬ 
con  ( 100)  substrates,  under  conditions  identical  to  those 
used  in  the  present  study,  we  can  estimate  the  degree  of 
molecular  hydrogen  dissociation.  It  was  found  that  for  un¬ 
terminated  silicon  2  X  1  surfaces  an  exposure  for  300  s  at  a 
chamber  pressure  of  1  X  10  “  *  Torr  was  sufficient  to  con¬ 
vert  the  surface  to  the  1x1  configuration.  Therefore,  the 
surface  has  been  exposed  to  at  least  one  monolayer  of 
atomic  hydrogen.  The  effective  pressure  at  the  surface  from 
the  closer  is  probably  higher  than  1  X  10  “  *  Torr  so  the 
maximum  degree  of  dissociation  is  approximately  1%.  We 
have  not  performed  similar  experiments  for  oxygen  disso¬ 
ciation  but  given  the  higher  bond  strength  for  the  oxygen 
molecule,  1 19  kcal/mol,  and  the  lower  filament  tempera¬ 
ture  used,  we  expect  the  degree  of  dissociation  to  be  much 
less  than  that  of  molecular  hydrogen.  All  doses  quoted  in 
the  text  are  given  for  the  total  H2  and  O2  exposure  from 
uncorrected  ion  gauge  tube  readings.  X-ray  photoelectron 
spectroscopy  was  done  ex  situ  after  extensive  dosing  with 
both  the  tungsten  and  the  iridium  filaments  and  no  evi¬ 
dence  of  metals  contamination  was  seen. 

III.  EXPERIMENTAL  RESULTS 
A.  Hydrogen  dosing  studies 

Upon  annealing  more  than  90%  of  the  freshly  polished 
surfaces  used  in  the  present  study  exhibited  a  transforma¬ 
tion  from  the  1  X  1  configuration  to  the  2x  1  configuration. 
During  the  initial  annealing  sequence  the  samples  would 
typically  show  indications  of  the  2  X I  structure  at  approx¬ 
imately  800  *C,  with  the  transformation  completed  by 
1050  *C  on  successive  anneals.  No  correlations  were  ob¬ 
served  between  sample  preparation  conditions  and  failure 
of  the  surface  to  reconstruct. 

Initial  studies  were  concerned  with  exposure  of  the  re¬ 
constructed  diamond  surface  to  atomic  hydrogen.  We  find 


that  even  after  extensive  dosing  with  atomic  hydrogen  the 
surface  remains  in  a  2x1  configuration.  The  maximum 
dose  the  samples  received  was  approximately  40  000 
L(H/H2).  In  contrast,  a  dose  of  600  L  under  identical 
conditions  is  sufficient  to  convert  the  silicon  ( 100)  surface 
from  the  2  X  1  state  back  to  the  1x1  state.  Given  that  we 
were  unable  to  convert  the  surface  back  to  the  1x1  con¬ 
figuration  with  atomic  hydrogen,  the  subsequent  adsorp¬ 
tion  and  desorption  experiments  were  all  performed  on  the 
2  X  1  surface. 

In  the  next  series  of  experiments  clean  2  X  1  surfaces 
were  dosed  with  varying  quantities  of  atomic  hydrogen  and 
thermal  desorption  spectra  were  recorded.  The  primary 
desorption  product  observed  was  molecular  hydrogen  at 
approximately  900  °C.  Figure  2  shows  a  series  of  desorp¬ 
tion  spectra  taken  after  increasing  atomic  hydrogen  expo¬ 
sures.  There  is  no  evidence  of  a  shift  in  desorption  peak 
temperature  as  a  function  of  coverage,  indicating  the  de¬ 
sorption  process  is  first  order.  Exposure  of  the  clean  sur¬ 
face  to  equivalent  doses  of  molecular  hydrogen  with  no 
heated  filament  gave  no  thermal  desorption  features.  Fig¬ 
ure  3  shows  a  plot  of  integrated  H2  desorption  peak  area 
versus  hydrogen  dose.  We  can  see  that  uptake  for  the  sur¬ 
face  is  not  linear  with  dose  and  that  the  surface  appears  to 
approach  saturation  while  still  in  the  2x1  configuration. 
In  addition  to  monitoring  hydrogen,  masses  12-18,  26-32, 
and  44  were  scanned  in  the  course  of  the  experiments. 
Small  quantities  of  masses  15,  and  26  were  observed  to 
desorb  from  the  surface  but  contamination  from  the  source 
gas  cannot  be  ruled  out  at  this  time. 

B.  Oxygen  dosing  results 

Exposure  of  a  reconstructed  2  X  1  surface  to  a  mixture 
of  atomic  and  molecular  oxygen  at  1  X  10  “  ^  Torr  for  300 
s  results  in  conversion  of  the  surface  to  the  1x1  state. 
Exposure  of  an  identical  surface  to  a  molecular  oxygen 
dose  an  order  of  magnitude  larger  has  no  apparent  affect 
on  the  surface  structure;  the  LEED  remains  in  a  2x1 
pattern.  Annealing  of  the  1x1 :0  surfaces  to  1000  °C  re¬ 
sults  in  the  restoration  of  the  2  X  1  surface.  The  cycle  can 
be  repeated  approximately  10-15  times  before  the  LEED 
pattern  is  left  with  weak  first  order  spots  only  and  a  very 
high  background.  It  should  be  emphasized  that  the  surface 
is  etched  during  each  CO  desorption  cycle  which  may  lead 
to  roughening  of  the  surface  and  deterioration  of  the 
LEED  pattern. 

Figure  4  shows  a  series  of  thermal  desorption  spectra  for 
mass  28  (CO)  from  a  diamond  surface.  The  desorption 
traces  show  very  broad  peaks  with  a  maximum  in  the  de¬ 
sorption  rate  at  approximately  600  *C.  We  also  see  a  shift 
to  lower  desorption  temperatures  as  coverage  increases. 
Figure  5  shows  the  integrated  area  under  the  desorption 
peaks  plotted  as  a  function  of  total  oxygen  exposure.  The 
sample  shows  a  steep  initial  uptake  followed  by  a  much 
slower  uptake  at  the  higher  exposures.  The  sample  does 
not  completely  saturate  after  a  dose  of  4500  L  although  the 
uptake  does  decrease  markedly. 

In  addition  to  mass  28,  masses  2,16,17,18,32,  and  44 
were  monitored.  Small  amounts  of  mass  44  were  observed 
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Fig.  2.  Thermal  desorption  spectra  from  hydrogenated  diamond-(2x  I)  surfaces.  Molecular  hydrogen  was  the  major  desorption  product  observed  froff 
all  surfaces  dosed  with  atomic  hydrogen.  All  dosing  was  performed  at  25  *C.  Samples  were  exposed  to  a  mixture  of  H  and  Hi  produced  by  the  tungsten 
filament.  m 


and  were  presumed  to  arise  from  CO2.  Figure  6  shows  a 
comparison  of  the  mass  44  thermal  desorption  and  the 
mass  28  from  the  same  desorption  experiment.  Note  that 
the  vertical  scale  for  mass  44  has  been  expanded  by  a  factor 
of  4.  The  maximum  desorption  rate  occurs  at  approxi¬ 
mately  550  *C  for  both  masses  but  the  CO2  peak  is  much 
more  asymmetric  than  the  CO  peak. 

IV.  DISCUSSION 

Reconstruction  of  the  diamond  (100)  surface  to  the 
2x1  state  is  a  well  documented  phenomena.*"®''®  How¬ 
ever,  most  researchers  report  that  a  percentage  of  the 
freshly  polished  surfaces  studied  do  not  reconstruct  to  the 
2  X  1  structure  upon  annealing.  Hamza  et  al.  have  reported 
an  association  between  residual  oxygen  on  the  surface  de- 
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Fig.  3.  Plot  of  H,  integrated  peak  area  vs  total  dose  H/H,.  The  peak  areas 
were  normalized  to  the  largest  H,  area  measured. 


tected  by  electron  stimulated  desorption  and  the  ability  of 
the  surface  to  reconstruct.®  Samples  with  the  most  oxygeB 
detected  were  less  likely  to  reconstruct.  Given  the  surfat^ 
preparation  techniques  available  (both  in  situ  and  ex  situ) 
for  diamond,  it  seems  reasonable  to  assume  that  surfacM 
contamination  may  explain  the  failure  of  some  samples  tB 
reconstruct.  The  effect  of  impurities  on  surface  reconstruc¬ 
tion  has  been  noted  in  a  number  of  other  systems  including 
silicon  and  platinum. ■ 
Conversion  of  the  surface  back  to  the  1 X  1  state  b* 
exposure  to  atomic  hydrogen  has  been  studied  in  detail  by 
only  one  other  group.®  Results  reported  by  Hamza  et  alM 
indicated  that  the  surface  converted  to  the  1 X  1  configuV 
ration  upon  dosing  with  atomic  hydrogen  at  180  K  coupled 
with  annealing  at  700  K.®  LEED  patterns  disappeared  foM 
lowing  the  dosing  and  the  1 X 1  pattern  was  then  seen  afte| 
annealing.®  We  see  no  evidence  of  either  obscuration  of  the 
LEED  pattern  following  dosing  or  of  a  reversion  to  thM 
1  X  1  surface  structure.  The  LEED  patterns  gradually  defl 
teriorated  with  repeated  dosing  and  desorption  cycles  until 
only  weak  first  order  spots  remained  coupled  with  a  ven^ 
high  background.  One  expects  the  dimer  bond  on  thS 
C(  l(X))-(2x  1 )  surface  to  be  stronger  than  what  is  seen  oiB 
the  Si(l{X))-(2x  1)  surface  given  the  greater  C-C  bond 
strength,  83  kcal/mol  versus  46  kcal/mol  for  Si-Si,  and  thB 
ability  of  carbon  to  form  double  bonds.  Calculations  oB 
hydrogen  addition  to  the  2x1  surface  by  several  groups 
indicates  that  there  is  an  energy  barrier  to  the  breaking 
the  dimer  bond  by  the  addition  of  atomic  hydrogen."' 
Verwoerd'®  calculates  an  energy  barrier  of  approximate 
39  kcal/mol,  an  energy  barrier  of  34. 1  kcal/mol  was  es 
mated  by  Zheng,  and  Smith, and  48.7  kcal/mol  by  Th 
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Fig.  4.  Thermal  desorption  spectra  showing  CO  desorption  from  oxygen  dosed  diamond  surfaces.  Samples  were  exposed  to  a  mixture  of  O  and  O;  after 
molecular  oxygen  was  passed  over  an  iridium  filament. 


mas  et  alP  Yang  and  D’Eveiyn  have  argued  that  steric 
constraints  severely  limit  the  ability  of  the  surface  to  sat¬ 
urate  in  the  dihydride  phase,  and  at  most  the  surface  as¬ 
sumes  a  disordered  dihydride  with  random  dihydride  units 
scattered  among  monohydride  pairs.'*  Based  on  these  re¬ 
sults  it  appears  unlikely  that  adsorption  of  atomic  hydro¬ 
gen  at  room  temperature  will  result  in  a  conversion  to  the 
dihydride  state. 

As  noted  above,  since  we  were  unable  to  obtain  a  I X  1 
structure  by  hydrogen  adsorption,  all  desorption  results 
discussed  here  are  from  a  2  X  1  surface.  Saturation  cover¬ 
age  for  the  2  X  1  surface  corresponds  to  one  hydrogen  atom 
per  carbon  atom.  We  see  no  evidence  of  a  peak  shift  with 
respect  to  surface  coverage  to  within  the  resolution  of  the 
measurement,  (10*C).  The  lack  of  a  peak  shift  argues  for 
first  order  desorption  kinetics.  Application  of  the  rate 
equation  with  an  assumed  frequency  factor  of  lO'^/s  gives 
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Fig.  5.  Plot  of  CO  integrated  peak  area  vs  total  dose  of  0/0,.  As  in  Fig. 
3.  the  peak  areas  were  normalized  to  the  largest  CO  peak  area  measured. 


72.7  kcal/mol  for  the  activation  energy  of  desorption.  Al¬ 
though  we  have  only  observed  a  single  desorption  peak, 
Hamza  et  al.  have  measured  hydrogen  evolution  by  elec¬ 
tron  stimulated  desorption  from  diamond  (100)  surfaces 
at  temperatures  above  the  thermal  desorption  peak.*  We 
have  no  means  of  directly  measuring  hydrogen  on  the  di¬ 
amond  surface  and  it  may  be  that  there  are  higher  energy 
bonding  sites  available  to  the  hydrogen.  The  maximum 
desorption  temperature  used  in  the  present  study  was 
11S0*C.  No  evidence  of  additional  desorption  features 
were  observed  up  to  the  maximum  temperature.  If  in  fact 
there  are  additional  sites  available,  then  with  the  temper¬ 
atures  used  in  the  present  study  we  are  probing  only  a 
portion  of  the  bonding  sites.  In  control  experiments  several 
samples  were  dosed  with  atomic  hydrogen  and  then  had 
thermal  desorption  spectra  collected.  After  cooling,  the 
samples  were  ramped  in  temperature  again  with  no  inten¬ 
tional  dosing.  No  thermal  desorption  features  were  ob¬ 
served  for  these  samples.  If  there  are  multiple  sites  it  is 
apparently  not  easy  for  hydrogen  to  diffuse  between  the 
sites. 

Oxygen  behaves  in  a  very  different  fashion  than  hydro¬ 
gen  on  the  diamond  surface.  The  most  dramatic  difference 
is  the  apparent  ability  of  atomic  oxygen  to  break  the  C-C 
dimer  bonds  on  the  surface.  We  have  no  effective  method 
of  monitoring  products  formed  during  dosing  as  a  result  of 
atomic  oxygen  interactions  with  the  diamond  surface.  As 
such,  the  oxygen  may  be  etching  the  C-C  dimers  from  the 
surface  and  then  attaching  oxygen  atoms  to  the  bulk  crys¬ 
tal  structure.  The  other  case  of  course  is  for  oxygen  to 
attack  the  dimers  directly  and  break  the  dimer  bond. 

Once  the  oxygen  has  attached  to  the  surface  there  are 
several  pos.sible  bonding  configurations.  The  oxygen  could 
bridge  two  adjacent  carbon  atoms  with  a  single  bond  to 
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Fig.  6.  This  desorption  spectrum  shows  both  mass  28  (CO)  and  mass  44  (CO,)  as  taken  simultaneously  from  an  O/Oj  dosed  sample.  The  mass  44 
vertical  scale  has  been  expanded  by  a  factor  of  4  for  clarity. 


each,  as  shown  in  Figure  7.  Table  I  shows  the  bond  angle 
oxygen  would  have  to  assume  in  the  bridging  configura¬ 
tion.  At  123*,  the  angle  is  well  within  the  range  of  bond 
angles  that  oxygen  assumes  in  various  molecules.  In  order 
to  calculate  the  bond  angle  the  C-O  bond  length  was  taken 
as  1.43  A  and  the  separation  distance  between  the  two 
carbon  atoms  that  the  oxygen  bridges  was  taken  as  2.52  A. 


Bar*  Diamond  (100)  2x1  Structur* 


Diamond  (100)  1  x  1:0  Bridging  Structur* 


*  1 1 1  i 

Diamond  (100)  1  x  1:0  Doubto-bondMi  Structur* 

Fig.  7.  (a)  shows  a  clean  diamond  ( 100)  surface  in  the  2 x  I  configura¬ 
tion.  (b)  and  (c)  show  2  possible  oxygen  bonding  configurations  which 
would  give  a  I  x  I  LEED  pattern. 


Another  possibility  is  for  each  oxygen  to  double  bond  to  a 
single  carbon  as  shown  in  Fig.  7.  One  would  expect  1 X  1 
LEED  patterns  from  both  of  these  bonding  configurations 
so  it  may  be  difficult  to  distinguish  between  the  two  cases 
on  the  basis  of  qualitative  electron  diffraction.  Based  on  the 
models  describ^  above,  oxygen  should  exhibit  very  differ¬ 
ent  behavior  on  the  diamond  (111)  surface.  On  the  unre¬ 
constructed  diamond  (111)  surface  there  is  only  one  dan¬ 
gling  bond  available.  In  order  to  satisfy  both  oxygen  bonds 
the  adsorbed  oxygen  will  either  have  to  break  a  C-C  bond 
or  try  and  bridge  two  dangling  bonds. 

Results  from  thermal  desorption  experiments  indicated 
that  as  the  coverage  increased  the  temperature  for  the  max¬ 
imum  CO  desorption  rate  decreased.  This  can  be  inter¬ 
preted  as  either  a  first  order  desorption  with  a  coverage 
dependent  activation  energy  or  a  second  order  desorption 
process.  One  might  expect  desorption  of  CO  from  the  sur¬ 
face  to  be  first  order  rather  than  second  order  as  there  is  no 
requirement  for  pairing  of  atoms  prior  to  desorption.  For  a 
first  order  process  we  would  expect  to  see  an  asymmetric 
peak  with  the  high  temperature  side  of  the  peak  more 
steeply  sloped.  In  fact  the  asymmetry  appears  to  be  in  the 
opposite  direction  with  the  high  temperature  side  of  the 


Table  I.  Bonding  angles  of  oxygen. 


Molecule 

Bond  angle 
(deg) 

Bond  length 

(A) 

Water 

104 

O-H 

0.96 

a-guaru 

144 

O-Si 

16 

Methyl  ether 

no 

O-C 

1.43 

Diamond 

I2S 

O-C 

l.43(assumed) 
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peak  less  steeply  sloped  than  the  low  temperature  side.  One 
explanation  for  the  asymmetry  may  be  additional  peaks  on 
the  high  temperature  side  of  the  main  peak.  A  slower  heat¬ 
ing  rate,  perhaps  1  *C/s  may  resolve  any  additional  peaks 
which  may  be  present.  Figure  7  shows  two  possible  bond¬ 
ing  configurations  for  oxygen  on  the  diamond  surface.  Al¬ 
though  it  does  not  appear  that  LEED  can  distinguish  the 
two  cases  the  desorption  process  may  be  radically  different 
for  the  two.  For  the  bridging  structure,  two  C-C  bonds  and 
two  C-O  bonds  need  to  be  broken  to  desorb  a  CO  pair, 
while  for  the  double-bonded  structure  only  two  C-C  bonds 
need  be  broken.  It  is  not  clear  if  both  structures  coexist  on 
the  surface  after  atomic  oxygen  dosing  but  if  that  is  the 
case  one  may  expect  desorption  from  the  bridging  struc¬ 
ture  to  be  a  higher  energy  process  and  thus  occur  at  a 
higher  temperature  than  from  the  double-bonded  struc¬ 
ture.  Supporting  evidence  for  additional  CO  peaks  above 
600  “C  comes  from  powder  desorption  work  done  by 
Matsumoto.'^  Matsumoto  has  measured  oxygen  desorp¬ 
tion  from  diamond  powders  exposed  to  molecular  oxygen 
at  temperatures  between  420  and  554  °C.  Adsorption  was 
done  at  a  pressure  of  1  Pa.  CO  peaks  are  seen  at  600  and 
800  'C  for  heating  rates  of  20  °C/min.  A  smaller  COi  peak 
is  seen  at  approximately  500  °C.  The  heating  rate  used  by 
Matsumoto  et  al.  is  a  factor  of  60  slower  than  the  rate  used 
in  the  study  reported  here.  One  might  expect  the  peak  to 
shift  down  in  temperature  as  a  result  of  the  slower  heating 
rate. 

The  peaks  seen  for  CO  desorption  are  very  broad,  with 
a  full  width  at  half-maximum  (FWHM)  of  approximately 
350  *C  for  the  highest  coverages.  Hydrogen  desorption 
peaks  in  contrast  had  a  FWHM  of  about  100  *C.  Part  of 
the  peak  width  may  be  explained  if  in  fact  there  are  addi¬ 
tional  peaks  in  the  CO  desorption  curves.  Relatively  broad 
CO  desorption  peaks,  FWHM  approximately  300  'C,  are 
also  observed  from  from  oxygen  dosed  single  crystal  graph¬ 
ite  surfaces.”  It  is  interesting  that  two  peaks,  800  and 
10(X)  ’C,  were  recorded  from  these  surfaces. 

V.  CONCLUSIONS 

Thermal  mass  desorption  and  LEED  have  been  used  to 
study  and  contrast  atomic  hydrogen  and  atomic  oxygen 
interactions  with  the  diamond  (I00)-(2xl)  surface. 
Atomic  hydrogen  appears  relatively  inefficient  at  breaking 
C-C  dimer  bonds  on  the  (100)-(2xl)  surface.  Atomic 
oxygen,  in  contrast,  readily  converts  the  surface  from  the 
2  X  1  state  to  the  1  X  1  state.  This  process  is  reversible  for  a 
limited  number  of  cycles  before  degradation  of  the  surface 
obscures  the  2x1  LEED  pattern.  Oxygen  is  thought  to 
adsorb  in  one  of  two  configurations,  bridging  carbon  atoms 
on  the  surface,  or  double  bonded  to  each  carbon  atom  on 
the  surface. 

Thermal  desorption  from  hydrogenated  C(100)-(2 
X  1  ):H  surfaces  occurs  at  approximately  900  *C  for  a  heat¬ 
ing  rate  of  20  *C/s.  Molecular  hydrogen  is  the  major  de¬ 
sorption  product  and  the  desorption  temperature  appears 
to  be  coverage  independent.  Thus  the  desorption  kinetics 
are  most  likely  first  order.  Thermal  desorption  from  oxy¬ 
genated  C(  l00)-(  I  X  I  ):0  surfaces  occurs  at  approxi¬ 


mately  600  *C  for  a  heating  rate  of  20  *C/s.  Carbon  mon¬ 
oxide  is  the  major  desorption  product  seen,  but  small 
quantities  of  carbon  dioxide  were  also  observed.  For  in¬ 
creasing  oxygen  coverages,  the  desorption  peak  is  observed 
to  shift  to  lower  temperatures.  The  reaction  order  is  not 
known  in  this  case,  but  from  analysis  of  the  peak  shapes 
and  from  the  fact  that  CO  can  desorb  without  prepairing, 
the  data  suggest  that  the  reaction  is  first  order.  Clear  dif¬ 
ferences  exist  between  the  behavior  of  hydrogen  and  oxy¬ 
gen  on  the  diamond  ( 100)  surface.  Oxygen  is  able  to  con¬ 
vert  the  2x1  surface  back  to  the  1  x  1  configuration 
whereas  hydrogen  appears  relatively  inefficient  at  this  pro¬ 
cess.  Although  the  dosing  studies  were  performed  at  room 
temperature  the  results  may  help  to  explain  the  role  of 
oxygen  in  H2/CH4  growth  environments.  If  surface  dimers 
form  during  the  growth  process  it  appears  that  atomic  hy¬ 
drogen  is  relatively  inefficient  at  breaking  the  dimer  bonds. 
Atomic  oxygen  appears  to  restore  the  surface  much  more 
efficiently  than  atomic  hydrogen. 
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NUCLEATION  OF  DIAMOND  FILMS  ON  NON-NATIVE  SUBSTRATES 
J.B.  Posthill,  R.A.  Rudder,  D.P.  Malta,  R.E.  Thomas,  G.C.  Hudson,  and  R.J. 
Markunas,  Research  Triangle  Institute,  Research  Triangle  Park,  NC  27709. 

Different  materials  have  beer  examined  for  their  intrinsic  propensity  for  nuclea- 
tion  of  diamond  from  the  vapor  phase.  Certain  standard  and  unconventional 
sources  have  been  employed  to  grow  diamond  in  an  rf-driven  plasma-enhanced 
CVD  system.  These  include:  (l)  CH4/H2,  (2)  CO/H2,  (3)  CF4/H2,  and  (4) 
alcohol/H20-based  mixtures.  It  has  been  found  that  diamond  heteronucleation 
can  be  radically  affected  by  the  specific  growth  chemistry  as  well  as  the  identity 
of  the  substrate  material.  For  example,  CF4/H2  mixtures  have  been  found  to 
nucleate  diamond  on  Si(lOO)  without  the  need  for  any  substrate  pretreatment. 
An  amorphous  interlayer  has  been  observed  between  the  diamond  film  and  sin¬ 
gle  crystal  Si.  Using  a  more  conventional  mixture  of  CH4/H2,  we  have  achieved 
nucleation  and  growth  of  diamond  with  complete  coverage  and  well-faceted 
topography  on  sintered  cubic  BN  compacts  without  any  surface  pretreatment. 
These  and  other  results  will  be  discussed  in  the  context  of  the  interplay  between 
different  gas  phase  chemistries  and  different  substrates  used  for  diamond 
heteronucleation. 


Chemical  vapor  deposition  of  diamond  films  from  water  vapor  rf-plasma 
discharges 

R.  A.  Rudder.  G.  C.  Hudson.  J.  B.  PosthflI.  R.  E.  Thomas.  R.  C.  Hendry.  O.  P.  Malta, 
and  R.  J.  Markunas 

Research  Triangle  Institute,  Research  Triangle  Park,  North  Carolina  27709-2194 

T.  P.  Humphreys  and  R.  J.  Nemanich 

North  Carolina  State  University.  Raleigh,  North  Carolina  27695-8202 

(Received  3  September  1991;  accepted  for  publication  29  October  1991) 

Polycrystalline  diamond  films  have  been  deposited  from  water  vapor  rf-plasma  discharges  at 
1.0  Ton  containing  various  alcohol  vapors.  No  other  gases  such  as  Hj.  F2,  or  CI2 
admitted  to  the  growth  chamber.  Scanning  electron  microscopy  and  R^nan  spectroscopy  have 
been  used  to  characterize  the  diamond  films.  In  addition,  a  water-ethanol  mixture  has 
been  used  for  homoepitaxial  deposition  with  a  fuO-width-half-maximum  narrower  than  the 
bulk  substrate  (2.60  and  2.7S  cm~',  respectively).  This  technique  represents  a 
remarkable  new  approach  to  the  growth  of  diamond  which  does  not  depend  on  delivery  of 
hydrogen,  fluorine,  hydrocartion,  or  halocarbon  gases  that  have  been  typically  used 
by  other  workers.  The  nncleation  density  and  topography  of  the  polycrystalline  diamond 
films  deposited  from  the  water  alcohol  mixtures  are  quite  sensitive  to  the  choice  of  alcohol. 

Water  vapor  discharges,  by  producing  H  atoms  and  OH  radicals,  become  the  functional 
equivalent  to  molecular  discharges  producing  H  atoms  characteristic  of  many  other 
diamond  chemical  vapor  depositimi  techniques. 


A  variety  of  techniques  have  been  developed  for  the 
deposition  of  diamond  from  the  gas  phase  using  plasma 
and  thermal  activation. Early  theories  of  diamond  dep¬ 
osition  hypothesized  that  the  deposition  of  diamond  was  a 
codeposition  process  in  which  both  diamond  and  graphite 
were  being  deposited  simultaneously.''^  Atomic  hydrogen 
produced  by  dissociation  of  molecular  hydrogen  in  plasma 
discharges,  arc  discharges,  or  hot  filaments  dissolves  the 
nondiamond  phases  from  the  depositing  layer  and,  thus, 
promotes  the  diamond  phase.  Recently,  oxyacetylene 
torches  have  been  used  to  grow  diamond  films.’’"’  The 
oxyacetylene  flame,  in  addition  to  forming  H2O,  CO,  and 
CO2  by-products,  provides  atomic  hydrogen  to  the  growth 
surface.  Many  gaseous  carbon  sources  have  been  used  for 
the  deposition  of  diamond.  Hydrocarbons,  halocarbons, 
fluorocarbons,  and  alcohols  have  aO  been  used  in  the  dep¬ 
osition  of  diamond  films.  In  a  plasou  or  a  thermally  acti¬ 
vated  process,  those  carbonaceous  gases  are  driven  toward 
their  high-temperature,  equilibrium  product  distributions. 
Not  surprisingly,  the  quality  of  the  diamond  films  does  not 
depend  as  critically  on  the  carbon  source  as  it  depends  on 
the  C/H  ratio,  or  perhaps  more  appropriately,  the  C/H/O 
ratio  in  the  gas  pbw."  If  one  examines  the  list  of  radicals 
and  gases  which  gasify  graphite,  H  atoms,  F  atoms,  and  F2 
molecules  are  iiKluded  on  the  Ust'^  Also  present  on  the  list 
are  O  atoms,  OH  radicals,  and  O2  moleculea.  Oxygen  has 
certainly  been  added  to  diamond  producing  enviroiunents, 
either  ^  using  carbon  carriers  containing  oxygen  or 
through  intentional  addition  of  oxygen  to  the  gas  stream  in 
mictowave  discharges.  Indeed,  Bucket  a/.”  have  deposited 
diaiDOiid  in  a  rdativdy  limited  set  of  conditions  using  only 
methanol  or  methanol// ■  mixtures.  Initial  mictowave 
plasma  results  showed  an  iiL,>rovemeat  in  diaiiKMid  growth 
with  a  small  percentage  of  O2  addition,  but  they  also 

329  AfipL  Phys.  Lan.  M  P).  20  Januwy  IMS 


showed  a  degradation  in  crystalline  quality  for  films  depos¬ 
ited  with  mote  than  2%  O2  addition.”  However,  more 
recently,  the  work  of  Bachmann,  Leers,  and  Lydtin,”  and 
Qien,  Hon,  and  Lin”  has  demonstrated  that  higher  oxy¬ 
gen  concentrations  can  certainly  yield  diamond  deposition 
with  correspondingly  higher  carbon  concentrations. 

We  report  here  cm  a  novel,  low  temperature  growth 
technique  for  the  chemical  vapor  deposition  (CVD)  of 
diamond  films  from  low-pressure,  rf-plasma  discharges 
containing  principaDy  water  vapor.  Carbon  for  diamond 
deposition  was  supplied  to  the  plasma  gas  by  admitting 
alcohol  vapor  with  the  water  vapor.  No  other  gases  were 
admitted  to  the  growth  chamber.  Hence,  this  work  is  quite 
diflerent  from  the  work  of  Saito  et  al  wherein  0%-6% 

concentrations  of  water  in  H2-CH4  microwave  plasmas 
were  investigated  for  diamond  growth.  In  this  letter,  pre- 
domiitantiy  arater-based  discharges  produce  OH  and  H 
radicals.  The  water  discharge  becomes  functionally  equiv¬ 
alent  to  hydrogen  discharges  in  other  diamond  CVD  tech¬ 
niques.  Emission  from  a  pure  water  discharge  and  the  wa¬ 
ter-alcohol  discharges  described  in  this  letter  show  strong 
Hg  emission  and  OH  emission.  The  atomic  hydrogen  emis¬ 
sion  from  a  pore  water  rf-plasma  discharge  at  LOTorr  is  so 
dominant  that  the  plasma  has  a  characteristic  red  color 
from  the  6S6  nm  emission.  The  ratio  of  water  to  alcohol 
admitted  to  tiie  growth  chamber  was  fixed  by  the  partial 
pressures  of  water  and  alcohol  above  the  mixed  solutions  of 
20%  alcohol  m  water.  In  addition  to  pdyciystalline 
growth,  homoepitazial  diamond  growth  has  been  accom¬ 
plished. 

Study  of  polycrystalline  diamond  growth  in  the  water 
vapor  system  was  undertaken  using  Si(lOO)  substrates. 
Prior  to  introduction  into  the  growth  chambtf,  the  samples 
were  subjected  to  polishing  with  graphite  fibers'*  and/or 
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Methanol  in  Water 


Ethanol  in  Water 


Isopropanol  in  Water 


FIG.  1.  SEM  micrographs  of  the  polycrystalline  deposits  on  Si  (100)  obtained  using  water/methanol,  water/ethanol,  and  water Asopropanol. 


diamond  paste  to  promote  nucleation.  Descriptions  of  the 
growth  system  have  been  reported  elsewhere. The  sam¬ 
ples  are  located  on  a  graphite  susceptor  just  beneath  a 
three-turn  rf  induction  coil.  The  rf  induction  coil  maintains 
the  water  vapor  discharge  and  heats  the  graphite  susceptor 
upon  which  the  sample  is  located.  The  liquid  mixture  is 
stored  in  a  metal  flask  connected  to  the  vacuum  chamber. 
The  water  vapor/alcohol  gas  mixture  is  metered  into  the 
chamber  at  a  rate  of  —  20  seem.  The  vapor  mixture  was 
admitted  into  the  metal  vacuum  cross  at  the  base  of  the 
plasma  tube.  The  ratio  of  water  to  alcohol  admitted  is 
determined  by  the  product  of  the  mole  fractions  of  water 
and  alcohol  and  the  respective  vapor  pressures  of  the  water 
and  the  selected  alcohol.  A  process  pressure  control  valve 
is  used  to  vary  the  effective  pumping  speed  in  order  to 
maintain  a  pressure  in  the  growth  chamber  of  1  Torr.  To 
initiate  deposition,  a  1000  W,  13.56  MHz  signal  is  applied 
to  the  rf  coil.  The  power  level  results  in  a  sample  temper¬ 
ature  of  625  *C  during  deposition.  Following  2  h  of  depo¬ 
sition,  the  samples  were  removed  from  the  reactor  and 
examined  with  a  scanning  electron  microscope  (SEM) 
prior  to  Raman  analysis.  Figure  1  shows  electron  micro¬ 
graphs  of  the  samples  deposited  for  2  h  using  water  vapor 
mixtures  containing  either  methanol,  ethanol,  or  isopro¬ 
panol.  The  micrographs  show  that  the  nucleation  is  highly 
dependent  on  the  choice  of  alcohol.  The  alcohols  with  the 
higher  vapor  pressures  nucleate  at  a  higher  density.  If  one 
uses  the  average  crystallite  size  as  a  measure  of  the  growth 
rate,  the  growth  rate  does  not  vary  considerably  with  the 
choice  of  alcohol.  However,  the  morphology  of  the  dia¬ 
mond  crystallites  does  change  as  the  alcohol  molecular 
group  becomes  larger.  Using  methanol  or  ethanol,  the 
crystallites  growing  from  the  nucleation  sites  are  composed 
of  individual  diamond  crystals,  some  of  which  appear  to  be 
twinned.  Using  isopropanol,  the  crystallites  growing  from 
the  nucleation  sites  are  composed  of  many  diamond  crys¬ 
tals  clustered  about  the  nucleation  site.  Raman  spectros¬ 
copy  from  all  the  samples  (see  Fig.  1)  shows  a  distinct 
1332  cm~'  diamond  longitudinal  optical  peak  on  a  broad 
background  which  is  centered  around  1 500  cm  " Figure  2 
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shows  the  Ramanspectra  for  the  water/methanol,  water/ 
ethanol,  water/isopropanol  growths. 

In  addition  to  polycrystalline  growth  on  Si(l(X))  sub¬ 
strates,  homoepitaxial  growth  on  a  natural  Type  lA  dia¬ 
mond  (100)  substrate  was  accomplished  using  a  water/ 
ethanol  mixture  equivalent  to  the  one  used  for  the 
polycrystalline  growth.  The  Raman  spectrum  from  the  ho¬ 
moepitaxial  deposition  did  not  exhibit  any  scattering  from 
the  1500  cm“'  nondiamond  material.  The  fiill-width-half- 
maximura  (FWHM)  of  the  homoepitaxial  layer,  as  deter¬ 
mined  using  micro-Raman  focused  on  the  epitaxial  layer,  is 
2.60  cm~'.  Examination  of  the  bulk  substrate  by  perform¬ 
ing  micro-Raman  on  the  opposite  substrate  face  from  the 
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FIG  2.  Raman  spectra  from  the  polycrysulline  deposits  on  Si  ( 100)  ob¬ 
tained  using  water/methanoL  water/ethanol,  and  water/isopropanol. 

Rudder  ef  al.  330 


epiUucuJ  layer  found  the  FWHM  of  the  bulk  material  to  be 
2.75  cm"'.  Hence,  the  growth  using  water/ethanol  pro¬ 
duced  a  diamond  epitaxial  layer  of  apparently  higher  struc¬ 
tural  perfection  thM  the  starting  natural  diamond  crystal. 

This  work  clearly  demonstrates  that  water  vapor  dis¬ 
charges  can  promote  diamond  growth.  Attempts  to  grow 
diamond  with  only  methanol  vapor  admitted  to  the  reactor 
resulted  in  poor  nucleation  and  growth.  Faceting  was  not 
observed  on  any  of  the  diamond  particles  grown  using  only 
n:thanol.  These  results  contrast  the  results  of  Buck  et 
where  microwave  discharges  of  pure  methanol  depos- 
..ed  well-faceted  diamond.  Conversely,  attempts  to  deposit 
diamond  with  only  water  vapor  admitted  to  the  reactor  (in 
the  attempt  to  grow  by  chemical  vapor  transport  from  car¬ 
bon  on  the  graphite  susceptor)  resulted  in  no  deposition. 
The  water  vapor  discharges  contribute  both  OH  and  H 
radicals  to  the  growth  environment.  Obviously,  the  activa¬ 
tion  or  production  of  atomic  hydrogen  from  water  vapor 
and  from  molecular  Hj  will  be  different.  We  have  no  way 
to  in  situ  measure  the  relative  production  of  atomic  hydro¬ 
gen  in  these  processes;  however,  we  can  measure  the  rela¬ 
tive  dissolution  rates  of  solid  graphite  for  the  two  processes 
by  meas'^ring  dimensional  changes  on  the  graphite  suscep¬ 
tor.  The  water  process  at  1000  W  and  1  Torr  etches  graph¬ 
ite  at  approximately  25  fxm/b  as  compared  to  5  fsm/h  for 
the  H2  process  at  2000  W  and  5  Ton.  Hence,  it  is  observed 
that  the  water  process  at  lower  pressure  and  lower  power 
produces  a  much  higher  graphite  etch  rate.  Despite  this 
higher  gasification  rate,  no  chemical  vapor  transport 
growth  is  observed.  Alcohol  must  be  added  to  the  water  for 
diamond  growth  to  occur. 

The  authors  cannot  dismiss  the  possibility  that  the  wa¬ 
ter  vapor  discharge  is  merely  a  hydrogen  source  and  that 
the  role  of  OH  in  diamond  deposition  is  minor.  However, 
growth  of  diamond  in  the  same  reactor  using  H2-CH4 
rf  discharges  produces  high-quality  diamond,  but  only  at 
much  higher  pressures  and  higher  power  levels.  Typically, 
5.0  Torr  and  2500  W  of  rf  power  input  are  necessary  for 
well-faceted  crystallites  when  1%  CH4  in  H2  discharges  are 
used.  Furthermore,  in  the  H2-CH4  rf  discharges,  the  ratio 
of  carbon  to  hydrogen  in  the  gas  phase  is  small,  typically 
less  than  2%  for  high-quality  diamond  groMh.  Using  the 
vapor  pressures  of  water  and  methanol,  the  ratio  of  carbon 
to  hydrogen  to  oxygen  in  this  process  is  calculated  to  be 
1:6:2.  Emission  spectra  from  water-alcohol  discharges  are 
dominated  by  emissions  from  the  atomic  hydrogen  Balmer 
series.  In  addition,  OH  emission  is  observed.  Emission 
from  atomic  O  was  not  observed. 

In  conclusion,  we  have  demonstrated  the  growth  of 
polycrystalline  diamond  films  from  rf-plasma  discharges 
fed  solely  by  water  and  alcohol  vapors.  Characterization  of 
the  films  by  SEM  shows  the  films  to  be  well  faceted  with 


the  chmee  of  alcohol  effecting  the  nudeatkm  density  and 
the  crystal  habit.  Characterization  of  the  films  by  Raman 
spectroscopy  shows  the  poiycrystalline  films  to  be  diamond 
with  some  nondiamond  bonding.  Raman  spectroscopy 
shows  the  single-crystalline  homoepitaxial  films  to  have  a 
FWHM  of  2.60  cm"'  which  is  narrower  than  the  starting 
natural  crystal  whose  FWHM  was  2.75  cm"'.  This  tech¬ 
nique  represents  a  remarkable  method  for  the  manufacture 
of  diamond  films  through  the  use  of  noncorrosive,  nonex¬ 
plosive,  and  relatively  inexpensive  sources.  Design  and  im¬ 
plementation  of  growth  syste.ns  using  water-based  pro¬ 
cesses  should  be  straightforward  and  should  avoid  the 
complexities,  the  safety  hazards,  and  the  expense  of  H2  or 
halogen  gas  processing. 
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HOMOEPITAXIAL  DIAMOND  LAYERS 
GROWN  WITH  DIFFERENT  GAS 
MIXTURES  IN  A  RF  PLASMA  REACTOR 

J.B.  Posthill,  DP.  Malta.  R..\.  Rudder,  G.C.  Hudson. 

R.C.  Thomas,  and  R.J.  Markuoas 
Research  Triangle  Institute 

Research  Triangle  Park.  North  Carolina  27709-2194 

T.P.  Hutnphre.vs  and  R.J.  Nemanich 

Department  of  Physics.  .North  Carolina  State  University 

Raleigh,  North  Carolina  27695-8202 

The  thermal  and  electrical  properties  of  diamond  make 
it  an  excellent  candidate  for  electronic  applications  in 
extreme  environments,  but  significant  device  development 
in  this  materials  system  cannot  take  place  unless  larger  area 
single  crystals  are  available.  While  significant  progress  has 
been  made  towards  increasing  the  areal  size  of  diamond  cry- 
stab  by  different  means*  it  is  also  recognized  that  a 
reliable  and  inexpensive  method  of  growing  high-quality  epi¬ 
taxial  diamond  will  be  necessary  to  grow  device  structures 
and  to  increase  the  thickness  of  diamond  crystals  and  films. 
To  th'is  end,  we  have  examined  the  effect  of  gas  phase 
chembtry  on  the  bomoepitaxial  growth  of  diamond  on 
natural  diamond  single  crystab.  A  brief  outline  of  some  of 
these  results  obtained  in  an  rf-driven  plasma-enhanced 
chemical  vapor  deposition  (PECVD)  reactor  follows. 

The  substrates  used  in  tb'is  study  were  nominally  (100) 
and  (110)  oriented  (±3’]  natural  type  la  diamonds.  It  has 
been  established  previously  by  both  X-ray  topography  and 
ion  channeling  studies  that  type  la  substrates  are  crystallo- 
graphically  superior^  and  it  b  believed  that  this  would 
result  in  improved  diamond  bomoepitaxial  films.  Transmis¬ 
sion  electron  microscopy  (TCM)  of  a  type  la  diamond 
showed  the  expected  presence  of  nitrogen-containing  pla¬ 
telets  lying  on  {100}-type  planes  (Fig.  1).  However,  no 
dblocations  could  be  seen  in  the  field  of  view,  hence,  the 
dislocation  density  is  <  10*  cm~*.  This  contrasts  with  sub¬ 
stantially  larger  dislocation  densities  observed  in  type  lib 
substrates*.  Prior  to  loading  into  the  reactor,  substrate 
preparation  involved  swabbing  in  deionized  water  and  blow- 
drying  with  clean  nitrogen.  Swabbing  has  been  shown  to 
remove  particles  from  the  diamond  surface,  thereby  minim¬ 
izing  the  sporadic  regions  of  polycrystallinity  that  are 
thought  to  be  caused  by  this  contamination^. 

The  system  used  for  the  growth  of  bomoepitaxial  dia¬ 
mond  consists  of  a  13.56  .MHz  inductively-coupled  plasma- 
enhanced  chemical  vapor  deposition  (PECVD)  system.  The 
sample  is  positioned  near  the  rf  coil  on  a  graphite  susceptor, 
and  the  growth  temperature  was  achieved  by  a  combination 
of  rf  inductive  coupling  to  the  susceptor  and  additional 
heating  from  an  independently  driven  radiative  source 
beneath  the  susceptor.  A  variety  of  different  gas  mixtures 
have  been  used  for  diamond  growth.  In  addition  to  conven¬ 
tional  CH4/H2  mixtures,  we  have  also  explored  oxygen- 
containing  mixtures  which  utilized  combinations  of  CO, 
CH4,  and  H}.  Recently,  polycrystalline  diamond  has  been 
grown  using  waterialcohol  and  water:alcohol:organic  acid 
mixtures*'*.  This  new  method  of  CVD  diamond  growth 
using  inexpensive  liquids  has  been  extended  to  homoepitax- 
ial  diamond  growth. 


Fig.  2  shows  an  SEM  micrograph  taken  from  an  epitax¬ 
ial  film  grown  on  a  (100)  substraU  with  a  l‘rCH4/9<KcH« 
mixture  at  a  pressure  of  5  Torr  and  temperature  of  ^ 
900  *C.  An  extensively  ‘shingled’  morphol^  is  evident. 
Interestingly,  micro-Raman  spectroscopy  taken  from  the 
near-surface  region  of  this  sample  was  not  found  to  be 
severely  degraded;  the  full-width  at  half-maximum  (FWHM) 
of  the  diamond  LO  phonon  line  at  1332  cm"'  was  measured 
to  be  2.8  cm“'.  Fig.  3  shows  a  much  improved  surface 
topography  from  an  epitaxial  Him  grown  on  a  (110)  sub¬ 
strate  with  a  0.629oCO/0.‘23rcCH4/99.159cH2  mixture  at  P 
=  5  Torr  and  T  900 'C.  There  are  some  regions  on  this 
sample  that  exhibit  polycrystallinity,  which  is  believed  to  be 
due  to  incomplete  particle  removal.  The  micro-Raman 
shows  a  FWHM  of  2.7  cm~*  (Fig.  4).  Given  that  smooth 
(100)  diamond  epilayers  have  been  observed  previously 
when  grown  with  comparable  CO/CH^/Hj  mixtures*,  it  is 
believed  that  the  presence  of  the  CO  is  the  dominant  factor 
responsible  for  the  superior  morphology.  However,  previous 
research  has  shown  good  (110)  diamond  epitaxial  surface 
morphologies  using  only  CH4/H2  mixtures*. 

Fig.  5  shows  the  surface  of  a  (100)  bomoepitaxial  film 
grown  by  introducing  the  vapor  pressure  of  a 
33.3%CH30H/66.7%H20  liquid  mixture  at  P  =:  1  Torr  and 
T  -100  *  C.  The  diamond  epilayer  shows  little  roughness. 
Perhaps  the  most  remarkable  aspect  of  this  water:methanol 
diamond  film  is  the  measured  concentrations  for  some  of 
the  common  (and  potentially  detrimental)  elemental  impuri¬ 
ties.  Secondary  ion  mass  spectrometry  (SIMS)  showed  that 
Si,  B,  and  N  were  at  measured  instrumental  background, 
while  H  and  O  were  measured  to  be  2X10**  cm”*  and 
3X10**  cm"*,  respectively.  AU  these  values  are  the  lowest 
that  we  have  observed  in  any  of  our  high-temperature- 
grown  bomoepitaxial  diamond  films.  No  special 
distillation/purification  was  performed  to  the  liquid 
reagents  to  achieve  this  result,  ft  appears  that 
water:alcohol  mixtures  can  be  used  where  a  low  temperature 
diamond  epitaxial  process  is  desired  or  required. 

Acknowledgements:  The  authors  gratefully  ack¬ 
nowledge  the  support  of  this  work  by  the  SDIO/IST 
through  ONR  (Contract  No.  NOOOH-92-C-0O81). 

References 

1  MW.  Geis.  H  I  Smith  .\rgoii.->  I  .\ngus.  G  -H  M  Ma, 
J.T  Glass,  J,  Builer,  CJ  Robinson,  and  R.  Pryor,  AppI 
Pbys.  Lett.,  58.  2485  (1991) 

2.  B.R.  Stoner  and  J.T  Glass,  AppI.  Phys.  Lett ,  60  698 
(1992). 

3  J  B.  Posthill,  R.A  Rudder.  G  C  Hudson,  D  P.  Malta,  G.G 
Fountain,  RE.  Thomas,  R.J.  Markunas,  T.P.  Humphreys, 
R.J.  Nemanich,  and  DR.  Black,  Proc.  of  the  2Dd  Inti 
Symp.  on  Diamond  Materials,  91-8.  [The  Electrochemical 
Society),  274(1991). 

4.  DP  Malta.  J.B.  Posthill,  E.A.  Fitzgerald,  R.A.  Rudder, 
G.C.  Hudson,  and  R.J.  Markuoas,  [this  proceedings). 

5  R.A.  Rudder,  G.C.  Hudson,  J.B.  Posthill,  R  E.  Thomas, 
RC.  Hendry,  D  P.  .Malta,  R.J,  Markunas,  T.P.  Humphreys! 
and  R.J.  Nemanich,  AppI.  Phys.  Lett.,  60,  329  (1992). 

6.  R.A.  Rudder,  J.B.  Posthill,  G.C.  Hudson,  D.P.  Malta,  R  E. 
Thomas,  R.J.  Markunas,  T.P.  Humphreys  and  R.J.  Neman- 
ieh.  Mater.  Res.  Soe.  Symp.  Proc.,  242,  23  (1992). 

7.  W.J.P.  van  Enckevort.  G.  Janssen.  W  Vollenberg,  M  Cher- 
min,  L.J.  Giling.  and  M.  Seal,  Surf,  and  Coating  Tech  47 
39(1991). 


Fi-i-  J  “  TEM  of  natural  tvpe  la  irmniiiDil  bub'irate 
sliow'm^  oOnm  diameter  nitro<;i.-ii  plaU-l<'t>  on  {UH*}- 
l\pe  planes.  .\’o  dislocations  wire  observed. 


Fig.  2  --  SEM  of  homocpitaxial  (KX)) 

diamond. 


Fig.  4  —  Mi'-rivRanian  'pectnun  from  the  near-surface 
of  O.C’2‘ f  C'0/i).'.’d*  (  C  H,/00.l  '>'  I  H_.  ( 1 10)  homoepitaxial 
diamond. 


Fig.  5  -  SEM  of  33.3^CHj0H/66.7«^H.,0  (100) 
homoepitaxial  diamond. 


Fig.  3  -  SEM  of  0.62%CO/0.23‘7CHJ99.15‘7Hj  (UO) 
homoepitaxial  diamond. 
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ABSTRACT 

In  the  present  study  epitaxial  Ni(001)  films  have  been  grown  on  natural  C(00l)  substrates 
(type  la  and  Ila)  and  homoepitaxial  C(001)  films.  Two  deposition  techniques  including  electron- 
beam  evaporation  of  Ni  in  a  molecular  beam  epitaxy  (MBE)  system  and  evaporation  of  Ni  from  a 
resistively  heated  tungsten  filament  have  been  employed.  As  evidenced  by  scanning  electron 
microscopy  (SEM),  the  Ni  films  deposited  by  electron-beam  evaporation  were  found  to  replicate 
the  very  fine,  unidirectional  scratches  present  on  the  as  polished  CfOOl)  substrates.  Inde^,  the 
coverage  and  uniformity  of  the  deposited  films  would  imply  a  two-dimensional  (2-D)  growth 
mode.  In  comparison,  the  thermal  evaporation  of  Ni  on  C(OOl)  substrates  results  in  a  highly 
textured  and  faceted  surface  morphology  indicative  of  three-dimensional  (3'D)  nucleation  and 
growth.  Moreover,  Rutherford  backscattering/channeling  measurements  have  demonstrated  that 
the  Ni(OOl)  films  deposited  by  electron-beam  evaporation  are  of  superior  crystalline  quality. 
Differences  in  the  observed  microstructure  and  apparent  growth  modes  of  the  epitaxial  Ni(()01) 
films  have  been  attributed  to  the  presence  of  oxygen  incorporation  in  those  layers  deposit^  by 
thermal  evaporation. 


INTRODUCTION 

There  is  at  present  a  significant  scientific  and  technological  interest  in  the  growth  and  use 
of  diamond  thin  films  for  high  temperature-resistant  and  radiation-hard  electronic  device 
applications  [1].  Indeed,  it  is  evident  that  the  fabrication  of  metal  contacts  to  diaiTX)nd  will  play  an 
important  role  in  the  development  of  diamond-based  device  technologies.  Moreover,  it  is 
envisaged  that  an  epitaxial  metal  contact  to  diamond  could  find  utility  in  specific  device  structures 
and  applications.  For  instance,  an  epitaxial  metal  layer  could  potentially  be  used  in  the  fabrication 
of  a  metal  base  and/or  permeable  base  bipolar  transistor.  At  present  Ni  is  considered  as  a  suitable 
choice  since  both  diamond  and  Ni  are  face-centered  cubic  and  Ni  has  a  near-latdce  match  to 
diamond(a,(dia)  =  3.5668  A,  a,(Ni)  =  3.5238  A,  lattice  mismatch  -  -1.2%).  For  this  reason  Ni 
has  also  been  investigated  as  a  potential  substrate  for  the  nucleation  of  heteroepitaxial  diamond 
growth  by  chemical  vapor  deposition  (CVD)  processes  [2].  However,  this  approach  has  to  date 
proved  unsuccessful,  although  epitaxial  (OfX)!)  graphite  has  been  grown  on  Ni(lll)  [3].  The 
difficulty  experienced  to  date  in  nucleating  diamond  on  nickel  may  find  utility  by  patterning  an 
epitaxial  Ni  overlayer  on  diamond  single  crystal  for  Subsequent  selective-area  diamond  deposition 
and  possible  epitaxial  lateral  overgrow^  (ELO)  [4]. 

In  this  paper  we  present  a  comparative  study  pertaining  to  the  growth  of  epitaxial  Ni(OOl) 
films  on  C(001)  substrates  using  electron-beam  and  thermal  evaporation  growth  techniques. 


EXPERIMENTAL  PROCEDURE 

Several  commercially  supplied  (D.  Drukker  &  ZN.N.V.)  type  la  and  type  Ha,  natural 
0(001)  substrates  were  chemically  cleaned  using  various  concentrate  acids  and  standard  RCA 
cleaning  proceures  [5].  Homoepitaxial  C(001)  ^ms  of  typically  ~750  nm  thickness  were  grown 


on  the  chemically  clean  type  Ila  C(OOl)  substrates  using  low  pressure  rf-plasma-enhanced  chemical 
vapor  deposition  (PECVD).  Prior  to  Ni  deposition,  the  substrates  were  annealed  by  heating  to 
12(X)*C  for  10  minutes  in  UHV  (<8  x  lO  ^Torr)  to  thermally  desorb  possible  physi-adsorbed  gas 
contaminates.  For  those  Ni  films  deposited  by  tungsten  filament  evaporation,  in-situ  low  energy 
electron  diffraction  (LEED)  and  Auger  electron  spectroscopy  (AES)  techniques  were  used  to 
examine  the  corresponding  surface  structure  and  interface  chemistry  of  the  Ni  layers  after  each 
evaporation  step.  Ni  films  were  deposited  on  type  Ila,  natural  C(OOl)  substrates  and 
homoepitaxial  C(OOl)  films  at  a  temperature  of  500*C  with  an  evaporation  rate  of  -0.2  -  0.4 
nm/min  as  determined  by  a  quaitz  ciystal  monitor.  The  pressure  during  deposition  was  typically 

better  than  1  x  lO’*  Torr.  The  final  thickness  of  the  Ni  films  were  -14  -  24  nm  as  determined  by 
profilometer  measurements.  In  comparison,  the  Ni  films  deposited  by  electron-beam  evaporation 
in  a  molecular  beam  epitaxy  (MBE)  system  were  grown  at  500*C  with  an  enhanced  deposited  rate 
of -18  nm/min.  The  pressure  in  the  MBE  chamber  was  typically  <1  O’’ Torr  during  growth.  The 
thickness  of  the  corresponding  Ni  films  were  typically  -50  nm. 

The  grown  layers  were  examined  by  scanning  electron  microscopy  (SEM),  Rutherford 

backscattering  (RBS)/channeling  of  1.6  and  2.0  MeV  He+  ions. 


RESULTS  AND  DISCUSSION 

Shown  in  Fig.  1  is  an  unreconstructed 
(1x1)  LEED  pattern  obtained  from  the 
chemically  clean  type  Ila,  natural  C(OOl) 
substrates.  A  similar  surface  structure  was 
observed  on  subsequent  annealing  of  the 
substrates  to  1200*C  in  UHV  and  cooling  to 
room  temperature  for  LEED  analysis.  In 
contrast,  a  (2x1)  surface  reconstructed  pattern 
was  observed  from  the  homoepitaxial  C(OOl) 
films  following  high  temperature  annealing.  As 
reported  in  the  literature,  the  occurrence  of  a 
(2x1)  surface  reconstruction  may  be  related  to 
the  microstructural  quality  and  surface 
topography  of  the  0(001)  surfaces  [6].  In 
particular,  SEM  inspection  of  the  polished 
C(OOl)  substrates  has  revealed  the  presence  of 
scratches  which  were  visibly  absence  from  the 
surface  of  the  homoepitaxial  C(OOl)  films. 

Therefore,  it  is  reasonable  to  conclude  that  the 
presence  of  these  microscopic  surface  Fig.  1  Unreconstructed  (1x1)  LEED  pattern 
imperfections  on  the  natural  C(OOl)  substrates  obtained  from  the  chemically  clean  C(001) 
may  inhibit  the  surface  reconstruction  process,  surface,  Ep  =  135  eV. 

The  crystalline  quality  of  the  C((X)1)  homoepitaxial  films  grown  on  type  Ila,  natural  C((X)1) 
substrates  have  been  examin^  using  Micro-Raman  spectroscopy.  In  panicular,  the  measured  full- 
width-half-maximum  (FWHM)  of  the  1332  cm  *  diamond  line  for  the  homoepitaxial  films  is  2.2 
cm  *  compared  to  2.3  cm  *  obtained  from  the  natural  C(OOl)  substrates.  Corresponding  LEED 
patterns  of  the  Ni  films  deposited  by  evaporation  from  a  tungsten  filament  on  the  homoepitaxial 
and  natural  C((X)1)  substrates  are  shown  in  Fig.  2(a)  and  (b),  respectively.  The  superposition  of  a 
p(2xl)  and  p(lx2)  nickel  structure  is  clearly  evident  for  those  films  deposited  on  both  (1x1) 
unreconstruct^  and  (2x1)  reconstructed  homoepitaxial  C((X)1)  surfaces.  Also  observed  were  extra 
beams  in  the  diffraction  pattern  which  moved  between  the  integral-order  beams  in  both  the  <1(X)> 
and  <1 1()>  directions  as  the  primary  beam  energy  was  changed.  These  feanires  can  be  clearly  seen 
in  the  bottom  left  hand  comer  of  Fig.  2(a).  In  contrast,  the  formation  of  a  p(2x2)  nickel  structure 
has  been  observed  on  type  Ila,  natural  C(001)  substrates  which  exhibit  a  clean  (1x1) 
unreconstructed  surface  structure  prior  to  deposition.  Extra  features  in  the  LEED  pattern  which 
change  with  beam  energy  have  also  been  observed  in  these  layers.  The  presence  of  the  extra 
diffraction  beams  have  been  attributed  to  the  formation  of  a  faceted  surface  morphology 
characteristic  of  the  early  nucleation  of  epitaxial  Ni(OOl)  islands  of  preferred  orientation  on  the 


I 
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C(OOl)  surface.  Indeed.  AES  measurements  of  the  deposited  Ni  films  have  established  the 
presence  of  Ni  islands  for  films  of  <7  nm  thickness.  However,  with  increased  Ni  coverage  there  is 
ill  apparent  coalescence  of  the  individual  islands  to  form  a  coniinuous  layer. 


Fig.  2  LEED  patterns  showing  (a)  superposition  of  a  p(2xl)  and  p(lx2)  nickel  structure  and  (b) 
p(2.\2)  nickel  structure  for  Ni  films  deposited  on  homoepitaxial  and  type  Ha.  natural 
C((X)1)  substrates,  respectively.  Ep  =  135  eV. 


The  .SEN!  micrographs  pertaining  to  the  surface  morphology  of  the  epitaxial  Ni  films 
deposited  by  tungsten  filament  evaporation  on  homoepitaxial  C(OOl)  and  type  Ila,  natural  C(OOl) 
substrates  are  shown  in  Fig.  3(a)  and  (b),  respectively.  The  thickness  of  the  Ni  films  were 
typically  -24  nm  and  -14  nm,  respectively.  Clearly,  both  films  exhibit  a  textured  and  faceted 
surface  morphology  indicative  of  initial  island  nucleaiion  and  partial  coalescence  during  growth. 


Fig  3  SEN!  micrographs  of  the  surface  morphology  of  Ni(OOl)  epitaxial  films  grown  on  (a) 
homoepitaxial  ClOOl)  films  and  (b)  type  Ila.  natural  C(()01). 


The  epitaxial  quality  of  the  deposited  Ni  films  has  been  analyzed  by  RBS/channeling  using 
1  6  MeV  He"^  ions  (Fig.  4).  The  presence  of  a  <001>  axial  channeling  direction  clearly  indicates 
that  NitOOl )  epitaxy  has  been  achieved  on  C(()01 ).  Moreover,  the  degree  of  surface  roughness  and 
non-uniformity  of  the  Ni  films  is  clearly  evidenced  by  the  presence  of  steps  in  the  backscattering 
yields  of  the  aligned  <(X)1>  spectrum  for  both  samples.  For  instance,  the  presence  of  a  step  at  525 
keV  in  the  aligned  spectrum  of  Fig.  4(a)  is  a  consequence  of  non-uniform  Ni  coverage  indicative  of 
three  dimensional  (3-D)  film  growth.  A  quantitative  measure  of  the  crystalline  quality  of  the  Ni 


epitaxial  layers  is  given  by  XNj.  which  is  the  ratio  of  the  aligned  and  nonaligned  integrated, 

backscattering  ion  yields  for  the  Ni  layers.  The  determined  values  of  are  33%  and  26%  for  the 
corresponding  epitaxial  Ni  films  deposited  on  type  Ila,  natural  and  homoepitaxial  C(00l) 
substrates,  respectively.  However,  it  is  apparent  from  RBS  analysis  that  the  microstructural 
quality  of  the  Ni(001)  films  is  degraded  by  Ae  present  of  oxygen  impurities.  Indeed,  the  presence 
of  oxygen  at  730  keV  in  the  Ni  films  is  clearly  evident  in  both  RBS  spectra.  The  incorporation  of 
oxygen  in  the  Ni  films  is  a  consequence  of  the  relatively  slow  growth  rate  and  the  subsequent 
degradation  of  the  chamber  vacuum  as  a  result  of  tungsten  filament  outgasing  and/or  desorption  of 
oxygen  from  the  chamber  walls  during  Ni  deposition.  Furthermore,  it  is  believed  that  the  observed 
3-D  nucleation  of  the  Ni  (001)  epitaxial  films  on  C(OOl)  is  determined  by  these  impurity 
considerations. 


Energy  (keV)  Energy  (keV) 

Fig.  4  RBS  random  (dashed  line)  and  aligned  (solid  line)  spectra  for  Ni  (001)  films  deposited  by 
tungsten  filament  evaporation  on  (a)  homoepitaxial  C(001)  films  and  (b)  type  Ha,  natirral 
C(()01)  substrates. 

In  a  comparative  study  of  Ni  films  deposited  by  electron-beam  evaporation  on  type  la, 
natural  C(OOl)  substrates,  SEM  examination  has  shown  that  the  Ni  films  replicate  the  very  fine, 
unidirectional  scratches  which  are  present  on  the  as-polished  C(OOl)  substrates  (Fig.  5). 


Fig.  5  SEM  micrograph  of  the  surface  morphology  of  electron-beam  deposited  Ni(()01)  films 
on  type  la,  C(001)  substrates. 


Corresponding  patterned  regions  pertaining  to  the  Ni  epilayer  (bright)  and  the  exposed  diamond 
substrate  (dark)  are  clearly  shown.  Since  the  Ni  layers  have  been  patterned  for  subsequent 
selective-area  epitaxial  studies  of  diamond,  corresponding  regions  pertaining  to  the  Ni  epilayer  and 
the  exposed  diamond  substrate  are  clearly  visible.  Evidently,  the  scratches  on  the  surface  of  the 
single  crystal  diamond  are  the  result  of  damage  incurred  by  mechanical  polishing  of  the  C(OOl) 
substrates  [7,8].  Moreover,  under  the  deposition  conditions  employed,  the  coverage  and 
uniformity  of  the  deposited  Ni  films  would  imply  a  two-dimensional  (2-D)  growth  mode  for  the 
nucleation  of  Ni  on  0(001).  Fig.  6  shows  RBS/channeling  results  obtained  using  2.0  MeV  He"*" 
ions  which  indicate  that  epitaxial  Ni(OOl)  films  have  been  achieved.  The  determined  value  of 

XNi~18%  is  indicative  of  the  superior  microstmctural  quality  of  the  epitaxial  Ni(OOl)  layers. 
Moreover,  it  is  apparent  that  RBS  analysis  did  not  reveal  the  presence  of  oxygen  incorporation  in 
the  Ni  filnis  deposited  by  electron-beam  evaporation. 


Energy  (keV) 

Fig.  6  RBS/channeling  spectra  for  Ni(001)  film  growth  on  type  la,  natural  C(001)  by  electron- 
beam  evaporation. 

It  is  also  interesting  to  note  that  the  crystalline  quality  of  the  commercially-supplied  natural 
diamond  substrates  is  not  consistent  as  indicated  by  variations  in  RBS/channeling  backscattered 
yields  [9].  It  would  therefore  appear  that  utilizing  diamond  epitaxial  films  grown  by  plasma- 
enhanced  chemical  vapor  deposition  (PECVD),  which  arc  smoother  and  may  be  less  defective, 
represents  another  potential  means  to  obtain  topographically  smooth  and  microstructural  upgraded 
epitaxial  metal  films  on  diamond. 


CONCLUSIONS 

In  summary,  epitaxial  Ni((X)l)  films  have  been  grown  on  C((X)1)  substrates  using  thermal 
and  electron-beam  evaporation  techniques.  It  has  been  demonstrated  that  the  thermal  evaporation 
of  Ni  from  a  tungsten  wire  filament  on  CfOOl)  substrates  results  in  a  highly  textured  and  faceted 
surface  morphology  indicative  of  three-dimensional  nucleation  and  growth.  In  contrast,  the  Ni 
epitaxial  films  deposited  by  electron-beam  evaporation  on  C(OOl)  substrates  has  a  surface 
morphology  that  mimics  the  lopxjgraphy  of  the  initial,  as-polished  single  crystal  C(001)  substrate. 
Differences  in  the  observed  microstructure  and  apparent  growth  modes  of  the  epitaxial  Ni(OOl) 
films  have  been  attributed  to  the  presence  of  oxygen  incorporation  -in  those  layers  deposited  by 
thermal  evaporation.  Suggestions  for  future  studies  to  optimize  the  epitaxial  growth  of  metal  films 
on  diamond  have  been  proposed. 
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